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Abstract
This dissertation presents and develops the Intelligent Picocell as a solution for high bit 
rate, efficient bandwidth indoor wireless communication. The research has examined 
different aspects of the indoor radio propagation environment and system implementa­
tion in order to highlight key benefits of the proposed architecture.
Explosive growth in demand for indoor wireless communications motivates research into 
this novel radio architecture. The architecture should be capable of tailoring capacity 
and coverage to the needs of the specific indoor environment, while maximising spectral 
efficiency. The Intelligent Picocell is based on an evolution of the distributed antenna 
concept to provide macrodiversity, micro diversity and interference cancellation. The 
architecture is fully scalable to large numbers of users and can provide plug-and-play 
operation, with no need for detailed system planning beyond the antenna locations.
The research examines different aspects of picocell system performance and design, 
including:
• Investigation on the indoor radio environment. Through measurements, the ef­
fects of building features on path loss and shadowing are analysed and propagation 
models are proposed for simulating picocell systems.
• Analysis of the Intelligent Picocell architecture, two algorithms are proposed for 
interference reduction, one based on a distributed narrowband optimum combiner 
and the other on a dynamic channel assignment and allocation scheme.
• Through simulation, it was demonstrated that the mobile transmitted power for 
an Intelligent Picocell is lower than the power required in a distributed antennas 
system. It was also shown that the capacity of the system depends on the number 
of antennas distributed in the building.
Key words: Intelligent picocell, adaptive antennas, diversity, distributed antennas, 
dynamic channel allocation, propagation measurements.
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Chapter 1
Introduction
1.1 Motivation and objectives
Explosive growth in demands for indoor wireless communications motivates research 
into novel radio architectures. The main advantage of indoor wireless communication 
systems is their flexibility, in that each system can be tailored for a specific building, 
for number of users and traffic types. Future system requirements for indoor wireless 
communications are:
• Current systems were designed mainly for voice traffic, but future generation 
communication systems are aimed at high data rates for a variety of services.
• Regulatory authorities will require stringent control over radio emission levels 
to reduce interference; while picocell systems will be required to co-exist with 
interferers, because the spectrum will be licenced to many users.
• The picocell market will expand toward smaller companies, which cannot afford 
expensive and time consuming planning and optimisation studies in order to 
install a wireless PBX system; they will ask for plug-and-play solutions.
Therefore, the aims of new picocell architectures should be to increase capacity and 
data rates, reduce planning, facilitate installation of the base station and efficiently 
deliver power to user terminals.
The in-building system performance is greatly affected by the propagation character­
istics of the indoor environment; hence estimation of system performance relies on the
1
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accuracy of the indoor propagation models. Therefore, the aims of this research were 
twofold: one was to estimate, from measurements, the main parameters which affect 
the indoor radio propagation environment and the other was to propose and evaluate 
a novel radio architecture specifically designed to provide a flexible picocell system.
The indoor radio propagation parameters were analysed from two measurement cam­
paigns carried out at a range of frequencies, environments and building types. The 
parameters of interest were path loss, shadowing and fast fading and their variation 
in space, frequency, time and polarisation. Variation with respect to these variables is 
usually stochastic, which requires the identification of correlation properties. Proper 
understanding of these parameters enables optimum architectures to be defined and 
characterised. Particular attention has been given to modelling correlated shadowing 
and its effects in the indoor environment.
The indoor radio architecture proposed in this thesis allows the tailoring of capacity 
and coverage to the needs of a specific indoor environment and maximising spectral 
efficiency. This architecture is referred to as the Intelligent Picocell, which is based on 
an evolution of the distributed antenna concept. Moreover it provides macrodiversity, 
microdiversity and interference cancellation. The architecture is fully scalable to serve 
a large number of users without the need for detailed system planning. The benefits 
of applying and combining a number of technologies in a unified system has been 
demonstrated by simulation.
The ideas and technologies presented as part of this research have been developed 
with application to third generation mobile communications in mind. However, the 
propagation analysis and the Intelligent Picocell architecture can equally be applied to 
second generation or future systems.
1.2 Contributions and achievements
As a result of the research a number of contributions and specific achievements have 
been made:
• Analysis of indoor and outdoor propagation characteristics for 2.4GHz, 5.2GHz, 
17GHz and 60GHz.
2
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• Characterising and modelling of auto and cross-correlated shadowing for the in­
door, indoor to outdoor and macrocell environments.
• Analysing the effects of correlated shadowing on capacity and coverage for pico 
and macrocellular systems.
• Measurement, analysis and modelling of polarisation for the indoor environment.
• Introduction of the Intelligent Picocell, a novel architecture based on a distributed 
system for coverage of the indoor environment.
• Filing of two patents, one on the area of channel allocation and assignment for 
distributed systems and the other on adaptive antennas for wideband systems.
• Simulation of the Intelligent Picocell and analysis of its benefits and costs in 
realistic radioenvironments.
1.3 Publications, technical reports and patents
The outcome of the analysis of the 17-60GHz measurement campaign was published in 
two conference papers [Fia98b, Rad98] and a technical report was delivered to the UK 
Radiocommunications Agency [Fia98a].
The outcomes of the work carried out in the field of radio propagation modelling for 
the Mobile-VCE project were presented in a number of papers. References [FiaOOc] 
and [FiaOOd] describe the findings on auto and cross-correlation of shadowing in a 
variety of environments at two frequencies for narrowband and wideband channels. 
Whereas, reference [StaOO] describes a model for the outdoor to indoor propagation, 
where particular consideration is given to the effects of the glass/window interface.
A paper describing the advantages of employing distributed adaptive antennas in the 
indoor environment was presented to the Symposium on Intelligent Antenna Technology 
for Mobile Communications [Fia97].
The main contributions to the Mobile-VCE work, on future generation communication 
system, were included in the final report and in a journal paper in reference [SauOO], 
As a result of this work, two patents were also filed in the area of channel allocation 
[FiaOOb] and adaptive antennas [FiaOOa].
3
VA paper has been submitted to the IEEE Journal on Selected Areas in Communications, 
which describes the effects of correlated shadowing on indoor macrodiversity statistics 
and on availability statistics for the macrocellular environment.
1.4 Structure of the dissertation
This dissertation is divided into eight chapters, the first of which is the introduction, 
which presents the general problem, the aims of the research and the achievements and 
publications that were produced.
Chapter 2 outlines some of the reasons for the interest which the telecommunications 
industry is showing toward indoor communication systems. Some of the products 
already available on the market are briefly described, as well as the third generation 
specifications. Following this, a literature review of systems, technologies and testbeds 
designed for in-building wireless communications is presented.
In chapter 3, two narrowband radio propagation measurement campaigns are described. 
One was carried out for the UK Radiocommunications Agency at 17GHz and 60GHz, 
the other was carried out for the Mobile-VCE project at 2GHz and 5GHz; both cam­
paigns covered a range of building types and environments.
In chapter 4, the narrowband propagation parameters which influence a radio system in 
a picocell environment are extracted and analysed from two sets of measurements. The 
propagation parameters analysed include path loss variations with respect to wall loss, 
shadowing and slow fading effects, the effects of the indoor environment on polarisation 
and the effects of antenna pattern on fast fading.
The study of correlated shadowing effects is presented in chapter 5. The aim is to 
propose methods for generating realistic shadowing profiles to be used within a channel 
model for the indoor, indoor to outdoor and macrocell environments. The correlation 
statistics required to synthesise realistic shadowing profiles are extracted from three sets 
of measurements. The indoor correlation model is based on a simple correlation function 
derived from the data analysis, where the model depends on the relative position of 
the base station with respect to the mobile. The macrocell cross-correlated shadowing 
is generated with a heuristic model based on the geometry for a mobile operated in a 
street canyon.
Chapter 1. Introduction
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Chapter 6 describes the concept and requirements for a novel radio architecture, the 
Intelligent Picocell, which is specifically designed for wireless indoor coverage. The 
technologies used in the Intelligent Picocell are explained and the benefits which can 
be achieved when these technologies are combined are discussed and simulated.
The simulator used for testing the Intelligent Picocell is described in chapter 7. Sim­
ulation results show that the Intelligent Picocell requires lower power respect to non- 
intelligent systems and capacity can be easily increased, demonstrating the potential 
of the architecture.
Finally, chapter 8 concludes this dissertation and provides some suggestions on further 
work on this field.
5
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Chapter 2
Indoor Wireless Communication 
Systems
2.1 Introduction
The aim of this chapter is to present current and future developments of in-building 
wireless communication systems. A number of commercially available products are 
described; these are based on second generation systems, mainly developed for voice 
traffic. Third generation systems which have been designed for higher bit rates are also 
presented.
A number of technologies are being proposed for enhancement of in-building systems, 
and testbeds have been built in order to demonstrate their viability. In this chapter a 
literature review summarises this research in the area of picocell systems.
Analysis of the advantages of the Intelligent Picocell, described in subsequent chapters, 
requires modelling of the indoor propagation environment. A review of the required 
models is outlined in this chapter.
2.2 Indoor wireless communication cellular systems
The demand for in-building, wireless voice-communication services is driven by busi­
nesses which are looking for ways to become more productive through convenient and 
cost-effective “intra-office” communication and by isolated indoor “hot-spots” such as
6
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airports, railway stations and shopping centres. Moreover, service providers have found 
many advantages for employing picocell networks, the benefits of which are spread from 
the operator to the end user. The benefits include:
• wireless network operators can benefit by charging businesses (albeit often on 
an unmetered basis) for using licensed frequencies to operate the wireless office 
and experience in the U.S. has shown that users with a wireless office also make 
significantly more calls on the macro network [Joh99].
• customers, usually businesses, benefit by increasing productivity by making em­
ployees more accessible in and outside of the office. Moreover, the high costs of 
wiring/re-wiring offices in the building can be reduced.
• end-users, usually employees, have the convenience of accessibility, within and 
outside the office, with one phone and one number.
In response to this demand, several commercial products have entered the market, 
based on second generation systems such as GSM, DECT and PCS. Third generation 
systems have also been proposed for indoor coverage. A brief description on commercial 
products designed for indoor coverage follows.
2.2.1 Commercial products
Most communications companies offer indoor solutions for business customers, based 
on existing second generation cellular systems.
For example, the NOKIA 22™ 1 [NOKOO], is based on a dual-band GSM base station 
which connects to the existing land-line PBX (Private Branch eXchange). A user within 
the building can be reached on their GSM mobile using the existing PBX network.
Similarly, Ericsson offers a digital wireless office system based on the TDM A/136 stan­
dard, named the Mobile Advantage Wireless Office™ 2 [Joh99]. The system operates 
on the licensed personal communications service (PCS) frequency bands,, and it allows 
hand-off with the cellular network. An innovative technology employed in this product
is the idea of the Virtual Single Cell™ 3 solution, where a large number of small radio
1 Trademark of Nokia Mobile Phones
2Trademark of Ericsson Inc.
3Trademark of Ericsson Inc.
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base stations are used for coverage of the building. These base stations, or radio heads, 
contain only the transmitter and receiver part, whereas all the common control and 
signal processing are centralised in a separate remote unit. A single control channel is 
multicast throughout the entire building by the radio heads. Soft hand-off between the 
mobile and the radio heads is carried out by shutting down the channel on the current 
radio head and activating a channel on the target radio head. This process is centrally 
controlled and simplifies cell planning.
Convergency of second generation circuit switched architectures, such as GSM, and the 
Internet (packet switched) are seen as a way of lowering installation and running costs 
and enabling new revenue-generating services and applications. Among the products 
which are aimed to this new market are the nanoBasestations™ 4 and nanoBTS™ 5 from 
ip.access [IPA]. These are low cost GSM products which provides direct connectivity 
to standard switched Ethernet LAN. Low power BTS’s can be used either for stand 
alone networks of for public “in-fills” for coverage in specific areas.
Two of the most successful cordless standards for indoor coverage are the DECT and 
the PHS systems.
• DECT, the Digital Enhanced Cordless Telecommunications, is a flexible digi­
tal radio access standard for cordless communications in residential, corporate 
and public environments [DEC], DECT was designed for a range of applications 
including Wireless Private Branch Exchange (WPBX). The DECT standard in­
corporates several advanced digital radio techniques to achieve efficient use of the 
radio spectrum, such as dynamic channel allocation. DECT is also one of the 
technologies included in the IMT-2000 specification, under the name of IMT-FT.
• PHS, the Personal Handy Phone system from Japan, is aimed for both private 
and public applications [PHS]. PHS is well suited for microcellular and indoor 
coverage both in term of cell radius and mobility. With good marketing, it has 
become one of the most successful cellular systems in Japan and other countries.
The main advantages of these two systems over other cordless phone systems such 
as PACS, is that they employ dynamic channel allocation, which lowers the cost of
4Trademark of ip.access Ltd.
5Trademark of ip.access Ltd.
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planning and installation. New standards for both technologies are aimed at increasing 
bit rate, thus competing with or being integrated into third generation systems.
The third generation mobile communication system was developed by the ITU (In­
ternational Telecommunication Union) from the recommendations of the 3GPP (3rd 
Generation Partnership Project) organisation. Within the specifications, the UTRA- 
TDD (Universal Terrestrial Radio Access - Time Division Duplex) technology is the 
best suited for indoor coverage. UTRA-TDD is a CDMA technology intended to op­
erate in the unpaired spectrum allocated for the third generation communication sys­
tems. UTRA-TDD uses a combined time division and code division multiple access 
(TD/CDMA) scheme by adding a CDMA component to a TDMA system, such that 
different bearer channels are separated in both time and code domains. This technology 
is well suited for use in small cell environments, where power is not the main limiting 
factor and the required data rate is high [HolOO].
2.2.2 Technologies
Requirements for communication systems are fast moving from voice only services to 
high data rate interactive services, using increasingly multi-functional terminals. As a 
result, research establishments are looking into different technologies for increasing bit 
rates and lowering planning and commissioning costs. Meanwhile the regulating bodies 
seek a more competitive environment, which requires higher frequency efficiency. There 
follows an overview of technologies which are designed to achieve these requirements.
Adaptive antennas have been proposed and adopted for the macrocellular environment, 
however their use in picocells is not as far advanced. An example of employing adaptive 
antennas for current systems is reported in reference [Bar94], where an adaptive antenna 
was included in a DECT system showing an improvement in performance, in a typical 
multipath environment. Field trial results show that a 5dB increase in signal level was 
obtained with 8 element selection diversity and a further 5dB with optimum combining 
in both open plan office and outdoor environments.
The use of adaptive antennas for SDMA (Space Division Multiple Access) has been 
the subject of several European Community projects. The TSUNAMI (Technology 
in Smart antennas for the UNiversal Advances Mobile Infrastructure) project started 
out under the European RACE initiative and was subsequently continued under the
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European ACTS programme (ACTS AC020 TZUNAMI II project) and SUNBEAM 
(Smart UNiversal BEAMforming) [SUN]. The test bed employed in the project was 
based on the DECT and GSM radio standards and the baseband system provided two 
independent bidirectional wideband beamformer channels, which allowed assessment 
of the operation of an SDMA system. The urban and indoor trials are described in 
reference [Tso97], showing the ability of adaptive antennas to provide the increased 
capacity needed for UMTS via SDMA.
There are a number of research papers on the advantages which can be obtained when 
adaptive antennas are used for CDMA systems. For example, in reference [Tho96] 
the analysis of an adaptive antenna system used with a Direct Sequence CDMA (DS- 
CDMA) scheme is presented, showing that it is possible to obtain a significant increase 
in capacity. Antenna arrays are readily deployed at the base station on the uplink 
direction and the channel is estimated from the received signal. The use of adaptive 
antennas in the downlink direction is more difficult, because the channel cannot be di­
rectly estimated. However, in order to increase CDMA system capacity, it is important 
to provide performance improvement in both directions. For FD-CDMA (frequency 
division CDMA) a number of approaches can be used for downlink channel estimation; 
simple schemes are: reuse of the uplink channel estimates, estimation of direction of 
arrival (DOA) or principal component methods to maximise SNR ([Zet94, Ral95]). An 
analysis carried out by [Tho98] suggests that, although the maximum SNR algorithm 
is sensitive to the uplinlc-to-downlink frequency shift, it behaves better than the DOA 
algorithm, although a problem common to both of the algorithms is the high sensitivity 
to multipath components of the channel.
For TDD systems, the use of both uplink and downlink adaptive antennas is a very 
attractive proposition because the channels are reciprocal, i.e. the channel characteris­
tics, in amplitude and phase, are the same in both directions. It is necessary that the 
channel should not change over the period of one burst or frame and that differences 
in the uplink and downlink signal paths through the equipment are compensated for. 
This is related to the ratio of the burst time to the coherence time of the channel, which 
is dependent on the Doppler spread and velocity of the user. As pointed out in [And99] 
the application of transmit-receive diversity and therefore adaptive antennas is limited 
to communication between slowly moving or quasi-stationary terminals, such as TDD 
networks in an indoor environment.
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As shown in references [Koh98] and [Pau98] much research interest is directed toward 
space-time architectures, where the adaptive antenna is considered as an adaptive filter 
in both space and time domains. Viterbi equalisation, the purpose of which is to achieve 
maximum likelihood sequence estimation in the presence of inter-symbol interference 
(ISI), can also be generalised into spatial and temporal domains, if an antenna array is 
employed [Koh98]. Reference [Pau98] suggests that these techniques can be employed 
both to reduce co-channel interference and to improve channel separation in SDMA 
systems.
One of the most recent and exciting applications of space-time processing space-time 
coding, using schemes such as BLAST (Bell Laboratories Layered Space-Time), the 
wireless communications technique proposed by Bell Labs of Lucent Technologies [BEL]. 
Multi-element antennas at both transmitter and receiver are used to permit transmis­
sion rates far in excess of those possible using conventional techniques. BLAST uses the 
scattering characteristics of the propagation environment to enhance transmission ac­
curacy by treating the multiplicity of scattering paths as separate parallel subchannels. 
It accomplishes this by splitting a single user’s data stream into multiple substreams 
and using an array of transmitter antennas to simultaneously transmit the parallel sub­
streams. All the substreams are transmitted in the same frequency band, so spectrum 
is used very efficiently. Since the user’s data is being sent in parallel over multiple 
antennas, the effective transmission rate is increased roughly in proportion to the num­
ber of transmitter and receiver antennas used. At the receiver, an array of antennas 
is again used to pick up the multiple transmitted substreams and their scattered im­
ages. If the multipath scattering is sufficient, then the multiple substreams are all 
scattered differently, and these differences allow the substreams to be identified and 
recovered. Assuming independent Rayleigh scattering, the theoretical capacity of the 
BLAST architecture grows roughly linearly with the number of antennas, even when the 
total transmitted power is held constant [Fos96]. A laboratory prototype has already 
demonstrated spectral efficiencies of 20 to 40 bits per second per Hertz of bandwidth, 
which could not be achieved using standard techniques.
Other systems take advantage of the decorrelation of fast fading, for example reference 
[Hir92] introduces Phase Sweeping Diversity (PSD), a diversity scheme which lessens 
the effects of slow fading by increasing the decorrelation of the bit errors at the channel 
coder. In a two antenna PSD system, each antenna radiates the same signal, except that
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the phase of the signal of the second antenna is modulated independently of the original 
signal. This generates uncorrelated fast time-variation in a slow fading channel, which 
improves the Bit Error Rate performance of the channel coder. In reference [Su996] this 
technology was tested, showing that gains can be achieved at the expense of greater 
interleaving lengths.
An example of a distributed indoor radio system is proposed in reference [Ueh95]. This 
high speed radio communication system employs one base station and a number of relay 
stations in each room. The relay station communicates with the base station on one 
frequency (60GHz) and with the mobiles on another frequency (18GHz), thus achieving 
very high speed radio communication (> 10Mbps). Such a distributed system offers 
macroscopic diversity and the beamforming capabilities allow SDMA access. One of 
the advantages of the system is that path loss at such high frequencies is very great, 
thus it is easy to isolate the system from external interference.
The advantages of distributed systems are also exploited using passive picocell stations, 
[Wak97] shows an optical fed transceiver which is connected to an antenna, this un­
powered device is easy to install and provides a high bit rate.
Broadband networks allow the use of cheap and easy to install base stations, where all 
the per-cell processing of the system is centrally located. With this system configura­
tion, radio signals are simulcast from all radio ports, so that no hand-off is required when 
a user moves between the coverage of two radio ports within the same group. Research 
on the performance of these systems is reported in reference [Ari96] and demonstrated 
in reference [Har92], showing that simulcasting does not produce any abrupt change in 
the fading characteristics, with respect to a non-simulcasting transmission.
2.3 Indoor propagation modelling
The indoor radio environment has all the same problems that plague outdoor systems, 
although generally on a smaller scale. In the literature, a host of investigations on 
propagation in the indoor environment have addressed such key influences as path loss 
(e.g. [Kee91, Sei92]), multipath delay spread ([Sal87b, Val97]), effects of base station 
placement within buildings ([But97]) and man-made noise in various frequency bands 
and building types ([Van92]).
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In order to study the advantages of the Intelligent Picocell described in chapters 6 
and 7, it was found that other propagation effects required a more detailed analysis, 
particularly in the indoor environment. Among these effects are polarisation diversity 
(analysed in section 4.6), correlated shadowing (chapter 5) and the effects of frequency 
on parameters such as correlation distance (4.4.1), location variability (4.4.2) and trans­
mission loss for common building materials (4.3). Although these effects have already 
been studied for the design of macrocellular systems (e.g. [Koz84, Gra78, Gud91]), 
few papers in the literature cover the indoor environment. The two measurement cam­
paigns described in chapter 3, aimed to provide the above parameters deemed necessary 
in order to simulate the Intelligent Picocell architecture.
2.4 Conclusions
This chapter has presented a brief overview on second and third generation indoor 
mobile communication systems. Current market trends were outlined by describing the 
type of systems major telecommunication companies offer to business customers. These 
product are generally based on second generation systems, such as GSM or TDM A /136, 
but in response to customer demand, international bodies, such as 3GPP and the DECT 
Forum, are currently publishing specifications for third generation systems, which will 
be able to carry higher data rates and increase capacity.
Research into new technologies, which will allow cheaper and better indoor systems, 
have been outlined. Existing solutions based on adaptive antennas are available in the 
macro and microcellular environments, and interest in these techniques is now turning 
toward their application in the indoor environment. Wideband systems using adap­
tive antennas have been proven to provide lower co-channel interference and increased 
capacity.
Research on distributed systems, applied to the indoor environment has also been 
presented. Distributed communication systems have long been used in specialised ap­
plications, such as tunnels and mines; however, technologies such as optical fibres and 
passive devices, are driving down the price of distributed antenna systems, making 
them cheaper for the indoor communications market.
Combining the various aspects of antenna technology and distributed systems, as well 
as other well known technologies such as diversity and dynamic channel allocation,
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allows for the design of a flexible picocell architecture that takes advantage of the 
characteristics of the indoor radio-propagation environment. Distributed antennas are 
currently being used in the indoor environment for increasing coverage and lowering the 
transmitted power, an Intelligent Picocell system makes best use of this by exploiting 
the decorrelation of space and polarisation at each antenna. Chapter 7 quantifies these 
advantages.
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Chapter 3
Measurement campaigns
3.1 Introduction
This chapter presents two narrowband measurement campaigns which were sponsored 
by the Mobile-VCE and the U.K. Radiocommunications Agency. A description is given 
of the channel sounder used, the measurements taken, the calibration and the analysis 
methodology of the measured data.
The comparison of performance and costs of the Intelligent Picocell radio architectures, 
discussed in chapters 6 and 7, requires a detailed and accurate characterisation of the 
radio channel. A large number of in-building propagation studies have been reported 
in the literature (e.g. [Sal87b, Kee91, Sei92, Val97]). In these studies, the narrowband 
and wideband propagation characteristics of a variety of in-building environments have 
been measured over a range of frequencies. However, these studies typically do not pro­
vide sufficient information for the modelling approach used subsequently in this thesis. 
Therefore, the radio channel characterisation used in the analysis of the Intelligent 
Pico cell is based on the results of two new radio propagation measurement campaigns, 
covering the frequencies 2.4GHz, 5.2GHz, 17GHz and 60GHz.
3.2 The Mobile-VCE measurement campaign at 2.4GHz 
and 5.2GHz
The Virtual Centre of Excellence in Mobile and Personal Communications (Mobile- 
VCE) is a virtual company, founded by industry and carrying out an industry-steered
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programme of research undertaken by research teams drawn from U.K. universities 
specialising in mobile communications ([VCE]). The study reported in this section is 
part of the Radio Propagation Work Package undertaken as part of the Radio Envi­
ronment Work Area for Phase 1 of the Mobile-VCE core programme [SauOO]. The 
objective of the Radio Environment Work Area was to investigate spectrally efficient, 
flexible bandwidth, minimum radiated power solutions for future mobile radio commu­
nications systems, with special attention to providing a seamless transition across the 
outdoor-to-indoor interface.
The campaign was designed to measure the specific parameters of the narrowband 
propagation channel, which are the necessary prerequisites for efficient system design 
with respect to area coverage and frequency reuse. The parameters of interest were 
path loss, shadowing and fast fading and their variations in space, frequency, time and 
polarisation. Variations with respect to these variables are usually stochastic, leading 
to the need to identify correlation properties. These were the key parameters of interest 
in this measurement campaign, since a good understanding of these enables optimum 
radio architectures to be defined and characterised. As a result of these aims, the 
requirements for the measurement campaign included:
• Measurements of environments and scenarios representative of the picocell en­
vironment and the indoor to outdoor interface. A number of different indoor 
environments were investigated ranging from modern office type buildings and 
office buildings of older construction.
• Dual band measurements at 2.4 and 5.2GHz in the same environment for com­
parative purposes.
• Measurements on six channels separated variously in space, time and polarisation.
3.2.1 Measurement equipment
Figure 3.1 shows the block diagram of the measurement equipment. A mobile trans­
mitter transmits a carrier wave (CW) signal at 2.376GHz and 5.184GHz (which are 
hereafter called 2.4GHz and 5.2GHz respectively). A six-branch receiver system is 
used to simulate the base stations. Each of the receiver branches may be mounted at
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Figure 3.1: Block diagram of the system used for the VCE
widely separated locations, such as in different rooms or different floors, or essentially 
co-located as in a conventional phased array.
The transmitters are mounted on a modified camera tripod assembly which is secured 
to a mobile platform [Ara99]. The motorised platform is capable of following a pre­
determined track autonomously. This allows measurements to be made repeatable and 
accurately without interaction with the human body. The position of the mobile is 
determined from a bth wheel, using an optical sensor arrangement. The output is a 
binary sequence, where every pulse indicates that the robot moved by 6.5mm. These 
pulses from the sensor are then transmitted over a VHF link to the receiver system 
where they are sampled by the data acquisition system, ensuring that true distance- 
dependent effects can be measured independently of any speed variations.
At the receiving end, the CW signals are mixed with a local oscillator and down- 
converted to the intermediate frequency (3kHz). After filtering with a low pass filter 
the signal at each of the 6 branches is sampled simultaneously by a central multi-channel 
analogue to digital (A/D) converter and stored on a PC for further digital filtering and 
data processing. The estimated dynamic range of the system was more than 90dB, 
with a sensitivity better than -120dBm.
17
Chapter 3. Measurement campaigns
3.2.2 Measurements
The measurement campaign included a large number of scenarios representing different 
propagation environments from a radio propagation prospective. For each scenario the 
runs were repeated for the two frequencies. The receivers mimicked the base station of 
a cellular system: the antennas could be located inside the building for floor coverage 
simulating a distributed picocell system or inside and outside the building to study the 
differences in microcellular and picocell propagation.
The scenarios used in the analysis of propagation parameters are:
Scenario 1: the scope of this scenario was to investigate the effects of outdoor to indoor 
propagation, as well the microcell - picocell environment interaction. A number 
of receiver antennas were placed both outside and inside the building, while the 
mobile simulates a person walking from the car park of the university to one of 
the offices on the second floor of the CCSR building. Figure 3.2 is a diagram of 
the path of the transmitter.
Figure 3.2: Outdoor measurement run, scenario 1
Scenario 2: the scope of this scenario was to investigate the effects of space and po­
larisation diversity in a microcell - picocell environment in modern office type 
buildings. The receiver antennas were placed cross polarised inside and outside 
the building, while the mobile followed the same path as in scenario 1.
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Scenario 3: the scope of this scenario was to investigate the indoor picocell environ­
ment. A distributed antenna architecture was employed and the measurements 
included transmitter runs on the same floor and on a floor below to investigate 
the effects of transmission through floors. Figure 3.3 shows the building plan of 
the second floor of the CCSR building at the University of Surrey. The figure 
shows the position of the channel sounder receivers, as well as the route taken by 
the transmitter mounted on the mobile platform.
Figure 3.3: Plan with transmitter run for scenario 3
Scenario 4: the scope of this scenario was to investigate the effects of furniture in a 
picocell environment and transmission through walls. A number of the system’s 
antennas were placed inside a seminar room and the rest were placed in other 
locations outside the room and building. Transmitter runs were then made in the 
seminar room, with and without furnishing.
Scenario 5: the scope of this scenario was to investigate the propagation effects in 
an indoor furnished/unfurnished environment. The parameters of interest were 
polarisation and space diversity. Different type of antennas and configurations 
were used, including dipole and quadrifilar antennas.
Scenario 6: the scope of this scenario was to investigate angle of arrival in an indoor 
picocell scenario. All the system’s antennas were co-located in an array configura­
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tion with a distance between them of A/2. Figure 3.4 shows the plan of the CCSR 
building with the path followed by the mobile and the position of the antenna 
array.
Figure 3.4: Plan with transmitter run for scenario 6
Scenario 7: the scope of this scenario was to investigate the time correlation effects with 
moving vehicles and people. The transmitter was placed stationery on the path 
leading to CCSR building while a controlled number of people walked between 
the transmitter and the receive antennas.
3.2.3 Measurement analysis methodology
The data obtained from the measurements were analysed in order to derive a propaga­
tion model to be used for simulating a novel communication architecture described in 
chapter 6.
The models under investigation focused on: shadowing autocorrelation, shadowing 
cross-correlation, polarisation correlation and temporal correlation. In order to define 
these models a number of parameters were extracted from the measurements:
• Path loss parameters, such as wall and floor penetration
• Spatial correlation
• Time correlation
• Polarisation correlation and cross-polarisation ratio
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The parameters required were extracted from the data as shown in the flow chart in 
figure 3.5. Each measured sample consists of magnitude (7^ 5 ), phase of the received
Figure 3.5: Flow chart for measurement analysis
signal (</>), and (x, y) position with respect to a global origin. The data are filtered 
in order to estimate the local mean signal level. The estimation employs an optimum 
unbiased estimator described in section 4.4. The estimated local mean is subtracted 
from the input data in order to extract the fast fading component in dB. The effects 
of polarisation and space diversity are derived from the analysis of the fast fading. 
The analysis of polarisation is based on the method suggested in reference [Koz84] 
to calculate the cross-polarisation discrimination (XPD), which is described in section 
4.6. The path loss is extracted from measurements, by subtracting the free space model 
and the losses due to walls and floors, as in the Keenan and Motley model [Kee91]. 
The number of walls traversed are found from the environment database. The analysis 
of the shadowing autocorrelation employs the model reported in reference [Gud91], 
whereas the cross-correlation model is based on a model presented in [Sau99j, these are 
described in detail in chapter 5.
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3.3 The UK Radiocommunication Agency measurements 
campaign at 17GHz and 60GHz
The use of millimetric waves for personal wireless telecommunication systems in the 
indoor environment is of increasing interest for commercial applications. The large 
available bandwidth, as well as the sparse current usage, make the millimetre bands a 
favourable choice for present and future applications, especially in indoor environments. 
Mobile multimedia services for indoor environments require large bandwidths combined 
with dense channel re-use plans. Microwave bands, such as those at 17GHz and 60GHz, 
have good potential for these purposes, having spectral allocations sufficiently wide to 
support these high bit-rate applications, together with considerable attenuation arising 
from both free space and atmospheric absorption. These characteristics potentially 
allow systems to be defined with very high spectral efficiency (number of users per 
square kilometre).
The study was initiated to provide detailed measured data on the path loss experienced 
at specific frequencies in a variety of real environments and to relate the experimental 
data to path loss prediction models. Such path loss data can be used by spectrum 
regulatory authorities, such as the U.K. Radiocommunication Agency, to estimate fre­
quency re-use factors and therefore the spectrum requirements for systems using these 
frequencies. The information is also required to conduct sharing studies between dif­
ferent systems which are considered for operation at those frequencies.
This study has been targeted at achieving these goals by addressing propagation issues 
specifically at 17GHz and 60GHz. The work was divided into three major segments:
Microscopic Measurements: the aim was to investigate the fundamental parameters 
which give rise to the measured propagation characteristics, such as building 
material dielectric constants, scattering and absorption parameters, particular 
construction styles etc. The main results of this study are presented in references 
[Rad98, Fia98a].
Macroscopic Measurements: the aim was to conduct an extensive set of narrowband 
propagation measurements within a range of buildings at 17GHz and 60GHz, 
giving rise to a database of measurements covering a broad spread of building
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types within both coverage and interference zones. To these ends, measurement 
were taken in various building types and for several typical scenarios.
Analysis and Modelling: the aim was to characterise and model the measurements 
taken, leading to propagation path loss models suitable for both coverage and 
interference calculations. These models make use of the parameters extracted in 
the microscopic models as a way of predicting the macroscopic results.
A complete description of the campaign, with measurements and results, can be found 
in reference [Fia98a] and a review of the project is outlined below.
3.3.1 Measurement equipment
Figure 3.6 shows the block diagrams of the dual narrowband 17GHz and 60GHz trans­
mitters and receivers respectively. Both receiver channels use direct inputs to a down 
converting mixer. The option to drive both the transmitter and receiver from a sin­
gle reference oscillator is also available for high phase stability measurements. The IF 
output is amplified and fed to a logarithmic amplifier with a dynamic range of around 
lOOdB, allowing measurement of high attenuation interference scenarios. The base­
band analogue outputs from the receivers are passed to a multi-channel A/D converter 
mounted in a laptop PC, where the resultant digitised files are stored for subsequent 
processing and analysis.
Two antenna types are used during the microscopic campaign. The first are 20dBi 
Standard Gain Horns with a 3dB beamwidth of 20°, allowing long distance interference 
measurements and multipath illumination representative of a backbone network. The 
other antennas are omni-directional antennas with a roughly hemispherical radiation 
pattern, representative of a user terminal or a sectored base station antenna. The 
transmitters are mounted on a modified camera tripod assembly which is secured to 
a motorised mobile platform under radio control for both speed and direction. This 
allows measurements to be made repeatedly and accurately without interaction with the 
human body. The position of the mobile is determined from a 5th wheel, whose motion is 
sensed in approximately 1.25mm intervals using an optical sensor arrangement. Pulses 
from the sensor are then transmitted over a VHF link to the receiver system. The 
received data sampling is triggered by the pulses from the 5th wheel arrangement when
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(a) Transmitter
LNA 
Nf 1.2dB
Gain 45dB
(b) Receiver
Figure 3.6: Block diagram of dual narrowband channel sounder
the mobile is in motion, ensuring that true distance-dependent effects can be measured 
independently of any speed variations.
3.3.2 Measurements analysis methodology
The aim of the campaign was to quantify the propagation losses at 17GHz and 60GHz 
in a number of office building types. The buildings under inspection included con­
temporary office buildings, mid-20th century offices and Victorian buildings, as well as 
different office scenarios such as open-plan and cellular layouts.
The flow chart shown in figure 3.7, summarises the analysis procedure, which requires
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the following steps:
Figure 3.7: Data processing flow chart
• The measured signal from the A/D converter is calibrated using the known fre­
quency response of the logarithmic amplifier and the receiver.
• The data are corrected for the receiver antenna patterns by calculating the az­
imuth and elevation for each sample with respect to the receiver antenna. Only 
the direct path between the transmitter and receiver is taken into account.
• The data, expressed in Volts, are filtered to exclude the effect of fast fading. The 
filter is a 100 tap moving average filter. It corresponds to a 7 wavelengths filter 
at 17GHz and 43 wavelengths at 60GHz.
• Shadowing is assumed to be log-normally distributed, the shadowing component 
of the measurements is obtained by subtracting the median path loss i.e. the best 
line fit to the measurements. The empirical model is given by the equation:
L50 =  a • log10 (distance) +  b (3.1)
where a and b are the coefficients that fit the total path loss in the least square 
sense, ensuring that L50 is the level not exceeded at 50% of the locations at a 
given distance.
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• The propagation environment is affected by objects which reflect and scatter the 
transmitted energy, resulting in multipath propagation. To predict the exact 
value of the signal strength arising from multipath fading would require a very 
exact knowledge of the position and the electro-magnetic characteristics of all 
the scenario measured. As this would be impractical, a statistical description is 
used and the Rice distribution is applied to describe the effects of the random 
multipath and the coherent line of sight components of the transmitted signal.
3.4 Conclusions
This chapter has described two narrowband measurements campaigns carried out for 
the Mobile-VCE project and the U.K. Radiocommunication Agency project. Data 
collected between the two campaigns spans the microwave frequency spectrum from 
2GHz to 60GHz. Measurements were taken in diverse environments, the age of building 
under inspection varies from the Victorian era to modern offices, covering many building 
materials and styles.
It is rarely appropriate to use such propagation data directly, more generally they are 
used to inform propagation models which in turn are used to create simulations of the 
radio system. In chapter 4 and 5 these measurements are analysed and propagation 
parameters are extracted for use in the Intelligent Picocell simulator.
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Chapter 4
A Physical-Statistical Model for 
Indoor Propagation
4.1 Introduction
The data from the propagation measurement campaigns described in chapter 3 are 
used in this chapter to provide an accurate estimate of radio propagation parameters, 
which will be used for generating synthetic propagation profiles for simulation of the 
Intelligent Picocell in chapter 7.
The choice of parameters depends on the propagation model used in the simulator. In 
the indoor environment, radio waves are mainly affected by physical structures such 
as walls and floors. Buildings have similar floor plans, usually dependent on location, 
e.g. urban, suburban and use, e.g. office, shopping centre etc.; this suggests that statis­
tical analysis can be used for estimating propagation parameters which can be applied 
to a large number of buildings. Therefore, a physical-statistical model is proposed which 
takes into account both the key physical characteristics of the indoor environment and 
a statistical analysis used for modelling the fading of the signal.
The parameters analysed in this chapter include the wall loss factor for a typical build­
ing material, the statistics of shadowing due to cluttering and the effects of corridors 
on the received signal strength. The effects of the antenna pattern on the statistics 
of short term fading are also analysed. Finally, a polarisation diversity model for the 
indoor and indoor to outdoor environments is proposed.
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4.2 The indoor propagation model
The indoor propagation channel differs from the traditional outdoor mobile radio chan­
nel in two respects: the distances covered are much smaller and different buildings 
present high variability in their propagation characteristics. The propagation within 
the building is strongly influenced by specific features such as the building type, layout 
of rooms and corridors, the number of floors and walls, the construction materials and 
the clutter of furniture. The dynamics of the indoor radio channel are qualitatively dif­
ferent from the outdoor radio channel, where the mobile unit can be moving in and out 
of fading at many kilometres per hour. By contrast, in the indoor channel, the mobile 
may be stuck within a fade area for long periods; reference [Sal87a] reported fading of 
seconds or even minutes. This is due to the speed of the users, which is much lower than 
in the macrocellular environment and to the fact that both transmitter and receiver 
are within a building, where the surroundings and the motion of scatterers have a more 
pronounced effect on the received signal statistics, because the transmitter and receiver 
antennas are more shadowed [Mol91]. The indoor channel is non-stationary, both in 
time and in space, due to people, furniture and equipment moving in the proximity of 
the base station antennas [Sal87a].
As it is impossible to explicitly calculate all the factors that can influence a multipath 
channel, a physical-statistical approach is employed. The aim of the model is to provide 
a rapid and simple means for making statistically reasonable coverage predictions as 
a basis for simulating the relative performance of the radio architecture. Although 
simplicity is important, the model is also designed to replicate the key spatial features of 
the path loss by using the physical layout of the building as part of the prediction. The 
model takes into account the physical characteristics of the propagation environment, 
such as walls, floors and antenna patterns and uses statistical techniques for modelling 
the fading of the signal.
Figure 4.1 shows the block diagram of the physical-statistical propagation model, in­
cluding a path loss model which depends on the walls and floor traversed by the radio 
signal, the antenna patterns and a slow fading model.
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Figure 4.1: Block diagram of the physical-statistical propagation model
Path Loss Model The propagation loss between isotropic antennas (Lpi) in the 
model is calculated in dB as:
Lip =  L fs +  Lwi +  Lp (4.1)
where L fs is the free space loss which is:
f  A'it d  \  ^
Lfs — 10  • log10 J (4.2)
where d is the distance between transmitter and receiver [m] and A is the wavelength 
[m]. Lwi is the wall attenuation factor which depends on the wall loss factors of each 
’ wall traversed by the signal. Lp  is the model of the attenuation due to the floors, 
depending on the floor loss factor of each floor traversed by the signal.
Antenna Pattern Model Antennas with particular patterns may be used to solve 
practical requirements when mounting base station antennas inside a building, for ex­
ample ceiling or wall mounted antennas require very wide beamwidths to cover a room 
[Sau99]. Antenna patterns may also be used for reducing radio leakage outside the 
building, which increases interference to neighbouring systems. In the model the an­
tenna pattern is modelled as:
Pant =  GdBi +  dBi) (4.3)
where GdBi is the maximum antenna gain, P  is in dBi with OdBi as maximum value 
and (f) and 6 are respectively the azimuth and elevation with respect to the radiation 
centre of the antenna.
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Slow Fading Model Slow fading results from the shadowing of the propagating 
wave by the obstacles. While moving from one obstacle to another, the signal power 
of a mobile station varies due to the alternate interruption and release of line of sight 
between transmitter and receiver. The shadowing effects at a particular location are 
random and they are usually described by a log-normal distribution about the local 
median of the path loss [Sau99]. The local median is calculated as:
L50 =  a • log10 (d) +  b (4.4)
where a and b are the coefficients that fit the path loss (L) in the least-square sense, 
ensuring that the RMS error bound contains at least 50% of the predictions. In the 
analysis of indoor measurents, it ws found that local median can be approximated by 
using the path loss model shown in equation 4.1.
The standard deviation of the log-normal distribution is the location variability (ox), 
measured in dB. It varies with frequency, antenna heights and environment. In the 
proposed model the value of ox is found from measurements and then fed back into 
the model.
The distribution of the shadowing component Lsf  is a random variable with probability 
density function equal to f x(x =  0,cr =  ox). Where f x is a Gaussian distribution, with 
zero mean (x =  0), and standard deviation (o ) equal to the location variability.
4.3 Analysis of wall attenuation in the indoor environ­
ment
Wall attenuation in the indoor environment is analysed from the measurements of 
scenario 3 of the Mobile-VCE campaign (Section 3.2.2). The measurement data is 
processed by extracting the fast fading component with a 60 wavelength (A) moving 
average filter and the free space loss. Figure 4.2 shows the excess loss plotted against 
the number of walls between the transmitter and each receiver for both 2.4 and 5.2GHz 
frequencies. A best fit line to the measurements shows the attenuation due to each 
wall, the cdf of the loss variations around the best line fit, in figure 4.3, describes a 
log-normal distribution about the median of the path loss. The location variability 
(ox) of the excess loss was found to be 4.2dB at 2.4GHz and 4.8dB at 5.2GHz.
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The wall loss, measured as part of the Mobile-VCE project, is plotted in figure 4.4, 
together with material loss, averaged over the measurements, found in the literature. 
It should be noted that the reported losses are directly measured values and have very 
strong dependence on polarisation and sample thickness, this may explain the difference 
found in the measurements.
Material: plasterboard, 10cm thick
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Figure 4.4: Transmission loss for plasterboard walls
4.4 Analysis of long term fading
The signal strength r(x) represents the signal voltage received, which can be defined
both in terms of distance or time.
The received signal can be artificially separated into two components: short term fading 
(m(a)) and fast term fading (ro{x)):
r(a;) =  m(x) ■ ro(x) (4.5)
or on a logarithmic scale:
rdB (®) =  mdB (®) +  r0idB (®) (4.6)
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4.4.1 Local mean estimation
The central assumption of the scattering model, that the received signal consists of a 
large number of randomly-phased components of comparable amplitude, leads to the 
conclusion that the signal envelope follows a Rayleigh distribution [Par96].
The scattering model describes the statistics of the signal envelope within small areas, 
in terms of the parameter <7 , the modal value; the local mean of the envelope is given 
by (Ty/%. Factors like range, path profile, antenna heights etc. can all affect this mean. 
Therefore it is only over distances sufficiently small that the process can be considered 
stationary. Over large distances the process is therefore non-stationary. Reference 
[Cla6 8 ] suggests normalising the data with a running mean filter. This normalisation 
does not change the distribution of the short term variations (fast fading), it only 
changes its RMS (root-mean-square) value to unity, making the process stationary.
The average of the envelope of the fading signal is called long term fading (slow fading). 
It is also called the local mean, since each value corresponds to the mean average of the 
field strength at each local point [Lee93]. The estimated local mean fh(x 1) at point xi 
can be expressed as:
 ^ r x i —L r x i —L
% =  r(x)dx =  —  /  m(x) • r0(x)dx (4.7)
"-h  J x i+ L  " L  Jx\-\-L
Where m(x 1) is the true local mean at point ax-
m{x =  ax) ~  m(x =  ax) (ax — L) < x < (ax -f L ) (4.8)
The size of the window (L) must be chosen in order to minimise the difference between 
m(ax) and m(x 1). In this case:
1 pxi+L
— ■ r(x)dx 1 =  0dB (4.9)
2L Jxx~l
Calculating the size of the filter is equivalent to finding an unbiased estimate of the 
mean, with minimum mean square error, which is equivalent to a minimum variance 
estimate. Reference [Won99] proposes an optimum minimum variance unbiased estima­
tor. The estimator is compared with a Sample Average (SA) estimator first proposed 
in reference [Lee85] and the Cramer-Rao bound. The SA is given by:
1 N
=  (4-10)
3- 1
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where X [d B ],j  indicates that the signal is in dB.
The author of the paper calculated that the Cramer-Rao bound for this problem is:
100
Ecr N  • [ln(10) ] 2 
Whereas, the optimal estimator is given by:
N
(4.11)
Eopt =  10
JV-l
1
(4.12)
The lower bound for any unbiased estimator is the Cramer-Rao bound and it is not 
achievable by any unbiased estimator. But, as shown in figure 4.5, the optimum es­
timator is asymptotic to the lower bound. Figure 4.6 shows the variance of the local
C om parison of lo ca l-m ean  estimators
Figure 4.5: Variance of Sample Average and Optimum estimators and Cramer-Rao 
bound
mean when using averaging for Volts and power (linear and dBW) using SA and the 
minimum variance filter. It can be noticed that the optimum filter and the sample av­
erage of power (in Watts) gives similar results. This estimator was used for analysing 
the measurement data from the Mobile-VCE campaign. In reference [Lee85], the vari­
ance of the sample average estimator was found of 36 samples for ldB variance for 90% 
confidence; whereas the plot in figure 4.6 is calculated with 68.27% probability, giving 
20 samples for ldB variance.
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Figure 4.6: Variance of Local Mean using different sampling methods
The local mean can be calculated both with a sliding window (running mean) or as 
an average between packet of data (local mean). In the case of correlated shadowing 
calculations, the averaging window is used in order to smooth the received signal and 
calculate the autocorrelation distance of shadowing. In the case of extraction of fast 
fading for analysis of cross-correlated shadowing, it is not necessary to use the smoothed 
curve, one point every correlated distance dc is enough for describing the shadowing 
characteristics. Table 4.1 shows the calculated correlation distance for the frequencies 
measured in the two campaigns described in chapter 3.
Frequency 2.4GHz 5.2GHz 17GHz 60GHz
Correlation distance dc 15m 7m 1.7m 0.5m
Table 4.1: Estimated correlation distance for various frequencies
4.4.2 Model for slow variations in LOS situation
The path loss model proposed in this chapter includes the effects of the most significant 
features of a building, i.e. the walls and floors. Such details are often easily found in 
CAD designs of the building and can be used as input to the model. Here a model 
is proposed where a transmitter and a receiver within the same room are in line of
Variance of the Local M ean
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sight (LOS). Measurements have shown that in this situation the signal received is 
subject to slow variations. It is suggested that this is due to two factors: the room may 
be cluttered with furniture and soft partitions, not represented in the building plan, 
which cause shadowing. The second factor is the contribution from multiple reflections 
caused by the rich scattering environment which affects the received signal; although 
multipath is usually considered only in terms of fast fading, it is also significant in 
affecting the value of the local mean over distances of many wavelengths. Reference 
[Mol91] reported that in the indoor environment the LOS component may not even be 
the dominant signal component.
An example of the effects of the slow variations for transmitter and receiver in the 
LOS, is a set of measurements taken at 17 and 60GHz described in section 3.3. The 
measurements were taken in a room in a 1950’s-era building in the centre of London. 
The walls facing the streets were made of glass and concrete and adjacent rooms were 
divided by plasterboard walls. The receiver horn antenna was positioned to give max­
imum coverage in the room. As the room was unfurnished the transmitter was always 
in the line-of-sight to the receiver.
Figure 4.7 shows the field strength measurements at 17GHz. Each run is about 5.3 
metres long and is spaced 0.25 metres from the previous run. The horn antenna was 
pointed at —100° with respect to the bottom wall (x-axis). Figure 4.7 is a decimated 
version of the data set and the impact of the antenna pattern can be clearly seen. 
Figure 4.8 shows the data of a single run inside the room (run #1, the furthest from 
the receiver), the dashed line shows the effect of the antenna pattern.
Figure 4.7: Measurements taken in a Figure 4.8: Run #1 with antenna pat-
empty room tern
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After correcting the measurements for the antenna pattern as shown in figure 4.9, the 
data axe filtered with a 100 tap (7 wavelength) moving average filter in order to exclude 
fast fading. Figure 4.10 shows the filtered data plotted against the distance between 
the transmitter and the receiver. The solid line is the isotropic free space field strength. 
It is clear that the overall trend has essentially the same gradient as free space, but 
very significant multipath is present. The dashed line shows the best fit field strength.
Run number 1; Data corrected for antenna pattern r “u i-i .t«t» c « «i«i qih« imm]
Figure 4.9: Run #1 corrected for an- Figure 4.10: Run #1 filtered data
tenna pattern
Although the room is without obstructions and the measurements are in the line of 
sight, slow statistical variations axe found in the data, which axe due to the variations 
in the scattering affecting different regions of the room. The pdf of the variations in 
the whole room is described by a log-normal distribution with local vaxiability of 4dB 
(figure 4.11).
Similar results were found at 2.4GHz, 5.2GHz and 60GHz. It is concluded that in order 
to model the radio propagation in the indoor environment the model has to include a 
slow fading component for LOS situations, as well as NLOS, where the value of the 
location vaxiability in the LOS situation is lower than the NLOS case. Table 4.2 shows 
the average of location vaxiability values measured in a number of buildings at different 
frequencies, in different conditions of line of sight. The table indicates that the effects 
of furniture in the NLOS case increases with frequency and also that high frequencies 
axe more affected by multipath when in LOS.
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Comparison between pdf of slow fading with lognormal
Figure 4.11: Run #1 statistics of shadowing
Frequency 2.4GHz 5.2GHz 17GHz 60GHz
Location Variability ctl (LOS) l.ldB 1.6dB 4.0dB 5.2dB
Location Variability &L (NLOS) 4.2dB 4.8dB lO.OdB ll.OdB
Table 4.2: Location variability for various frequencies 
4.4.3 Effect of corridors
Corridors in buildings can act as waveguides channelling signal energy from the trans­
mitter to the receiver [Mol91], in a line of sight situation it is expected that the received 
signal is the contribution of the direct path and the signal reflected by walls, floor and 
ceiling.
Figure 4.12(a) shows the floor plan of an office building, the measurements were taken 
with the 17GHz receiver, the antennas employed were the 20dB Standard Gain Horns 
with 3dB beamwidth of 20° both at the transmitter and at the receiver. The plot of 
the measured path loss is shown in figure 4.12(b), which shows that, as the transmitter 
moves away from the receiver, the signal is affected by long deep fades along the corridor. 
These are due to the presence of building features such as doors, lift shafts and ceiling 
features, acting as reflectors or absorbers and interfering with the direct path signal.
Figure 4.13 is shown the measured signal loss at 2.4 and 5.4GHz, for the receiver #2 
shown in figure 3.3. The plots also show the number of walls between the receiver 
and transmitter positions (dotted line). The receiver is not in LOS of the transmitter 
for much of the corridor run, the measured loss is less than the loss predicted by the
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Floor plan
(a) Floor plan (b) Path loss
Figure 4.12: Measurements in a corridor at 17GHz
physical-statistical model due to the channelling effect of the long corridor.
The effects such as propagation through corridors and around corners can be simulated 
by applying ray tracing methods based on geometry optics (GO) and Uniform Theory 
of Diffraction (UTD) (e.g. [Sei94]). These models all require a detailed description of 
the building structure and materials that affect the radio propagation characteristics. 
Such models should also include diffractive effects for shadowing conditions, but these 
axe computationally intensive. In order to simplify simulation of the effects of corridors 
the following model is proposed
L(d) =  L0(d0) +  lOn log10 ^ - 0  (4.13)
where d is the propagation distance, n is the attenuation slope and Lo(do) is the loss 
at the reference distance. The regression slopes are obtained by least-square regression 
from measured data and a summary of values for n measured are reported in table 
4.3. The results for 17 and 60GHz axe on the lower end on the values found, in the 
literature, for similar frequencies, e.g. [Tod93] and [Kaj95].
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(a) 2.4GHz (b) 5.2GHz
Figure 4.13: Wall attenuation for receiver 2
Frequency 17GHz 60GHz ;
Attenuation slope (n) 0.7 to 1.0 1.3 to 1.7
Table 4.3: Measured value for attenuation slope
4.5 Analysis of short term fading
Short-term fading refers to the rapid fluctuations of the received signal. Fast fading is 
mainly due to the movement of the receiver in an environment where the interaction 
of the transmitted wave with local scatters determines a non homogeneous electro­
magnetic fields. Furthermore, the movement of objects surrounding the receiving an­
tenna can cause fast fluctuations even when the terminal is stationary. The received 
signal may vary by 25-30dB due to fast fading.
In the literature, it is common to approximate the effects of multipath in a NLOS 
situation with a Rayleigh distribution and in LOS or when a strong component is 
present the Rice distribution is used. The effects of multipath have also been described 
by other distributions, which include the Nakagami, Student’s t and Weibull distribu­
tions. These are usually more complex than the Rayleigh and Rice distribution but 
allow greater fitting flexibility. In this section only Rayleigh and Rice are discussed 
since these have the greatest physical significance.
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4.5.1 The Rayleigh distribution
In mobile radio channels the Rayleigh distribution is used to describe both the statis­
tical time varying nature of the received envelope and the envelope of an individual 
component, in both definitions the signal envelope is measured in Volts.
The Rayleigh distribution has a probability density function (pdf) given by:
p(r) =  < ^ (4.14)
0 (r < 0 )
where: o  is the RMS value of the received signal r in Volts (i.e. the standard deviation
power of the received signal.
The Rayleigh distribution can be modelled using Clarke’s scattering model [Cla6 8 ], 
where the received signal is composed of a number of approximately equal magnitude 
but random phase plane waves. The waves are assumed to arrive at random angles in 
the azimuthal plane, each wave is statistically independent and uniformly distributed 
between 0 and 27r. Each wave has equal average amplitude and random phase.
In the simulator, used in chapter 7, Rayleigh fading was generated as shown in reference 
[Sau99], where Gaussian random sequences are used to generate the real and imaginary 
parts of the received signal. A filter which approximates the classical Doppler spectrum 
is used to filter the sequence. The filter parameters are optimised to provide an output 
spectral variance equal to the desired classical spectrum, to ensure the level crossing 
rate matches the classical value for a given maximum Doppler frequency.
4.5.2 The Rice distribution
The Rice distribution is applicable when the channel is composed of both the random 
multipath component, described by the Rayleigh distribution, and a coherent line-of- 
sight component which has constant power [Sau99]. The probability density function 
for the Rice distribution is given by
of either the real or imaginary component [Sau99]), therefore o 2 is the time averaged
(r > 0 ) (4.15)
where o 2 is the scattered energy as in the Rayleigh distribution, s is the coherent com­
ponent in the envelope signal and r is the received signal in voltage. Iq is the modified
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zeroth-order Bessel function of the first kind. The Rice distribution is described by the 
Rice factor K , which is defined as the ratio between the direct or strong component
power of the signal and the variance of the multipath. The Rice distribution contains
the Rayleigh distribution as a special case for K  oo, i.e. when the deterministic 
signal power tends to 0  (s2 -»  0 ).
In order to extract the Rice factor K  from a set a measurements, the method of moments 
presented in [Dut95j is used, which takes advantage of the fact that the even order
moments have closed form. Any arbitrary moment of the Rice density function can be
written as:
f ° °  f ° °  r v + i  /  r 2 +  2 \
E[rv] =  J rvp(r)dr =  J • ev ) IQ y— J dr (4.16)
Reference [Dut95] shows that the second and fourth moments of the Rice distribution 
can be calculated as:
E[r2] =  2o2 +  s2 (4.17)
E[r4] =  8 <j4 +  8 cr2s2 -1- s4 (4-18)
from which the closed solutions of s2 and cr2 are derived as
s2 =  y/2E2[r2] -  £ [r4] (4.19)
cr2 =  E[r2] -  s2 (4.20)
Therefore, the K  factor is calculated as
2  • a2
Figure 4.14 shows the result of estimating the K  factor obtained using the method of 
moments. The range for which the algorithm is valid is between 0 and 120dB which is 
due to the numerical limitations of the computer, this is deemed to be acceptable for 
analysis of fading in the radio environment.
4.5.3 Effects of antenna pattern on K  factor
In the indoor environment multipath is enhanced due to scattering from walls, ceilings, 
floors and furniture. In order to demonstrate these effects, fast fading is analysed from 
the measurement set presented in section 4.4.2, using the 17GHz channel sounder.
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Testing method of moments for K factor
Figure 4.14: Testing method of moments for estimation of Rice K  factor
The fast fading component of the received signal is obtained by subtracting the free 
space loss from the filtered measurements. The pdf and the cdf of the fast fading, 
shown in figure 4.15, indicates a good fit to a Rice distribution. Despite the presence of 
line-of-sight, the K  factor averaged over the whole room is 5dB, a relatively low value.
Com parison betw een pdf of fast fading with Rice
Fast fading
fa c to r =  " ‘ 0
P const-parT0 -84
PrandW=0-13
1 1.0 z z.t>
R eceived signal relative to prediction [dBw]
Com parison betw een cdf of fast fading with Rice
1 1.5 2 2.5
R eceived signal relative to prediction [dBw]
Figure 4.15: Fast fading statistics in the whole room at 17GHz
The effects of the antenna beam on fast fading can be studied by isolating the measure­
ments in a 1 0° area around the boresight of the antenna; the measurements in this area 
are shown in figure 4.16. The pdf and cdf of the fast fading is shown in figure 4.17. The
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data fits a Rice distribution, with a higher K  factor of 9.6dB, indicating that a highly 
directional antenna has a significant effect upon the statistics of fast fading. Also in a 
multipath rich environment, even when the transmitter and receiver are in LOS with 
each other, the power of the random element of the received signal is comparable to 
the power of the main path. Similar effects were found at 60GHz, where the fast fading 
within the room was measured as 9.4dB (figure 4.18) and within 10° of the main beam 
increased to 13dB (figure 4.19), which also shows that higher frequencies are affected 
by building features to a greater extent than lower frequencies.
The effects of multipath on the statistics of the propagation channel suggest that there 
are benefits to be obtained, when adaptive beamformers are employed in the indoor 
environment. The K  factor of the mobile tracked by the adaptive antennas will be 
enhanced, allowing for lower fading margins.
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4.5.4 Time selective spreading
The model of a radio channel includes a characterisation of the power spectrum of the 
fast fading. Fast fading results in a Doppler spread, i.e. a pure tone is spread over 
a finite spectral bandwidth. If the scatterers are assumed to be uniformly distributed 
in azimuth angle around the receiving antenna, the baseband power spectrum S(f)  
assumes the form of the Clarke’s model, which is also known as the classical Doppler 
spectrum and is given in 4.22 [Sau99].
 1.5
S(f)  =  {
for - f m  < f < f lj --------------------------------------   *  J lie '  J ^  J III
7T/my 1 -  ( / / /m )2 (4.22)
0  elsewhere
where f m is the maximum Doppler shift, given by:
fm. — fc~ (4.23)
where f c is the carrier frequency, v is the velocity of the mobile and c is the speed of 
light.
The classical Doppler spectrum implies that the signal paths all arrive at the receiving 
antenna on the same plane. In a macrocell, the base station is far away from the mobile 
and therefore the assumption holds. In an indoor environment, on the other hand, due 
to the small difference between the transmitting and receiving antenna heights, the 
signal is received from three dimensions in space resulting in a flat Doppler spectrum.
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EIRP Received Power |dBwj dB„
Figure 4.16: Measurements within 10° 
area around the boresight of the an­
tenna
Figure 4.18: Fast fading statistics in 
the whole room at 60GHz
Figure 4.17: Statistical analysis of fast 
fading within the antenna beam at 
17GHz
Figure 4.19: Statistical analysis of fast 
fading within the antenna beam at 
60GHz
Fast fading is also referred to as time selective fading, since the signal amplitude varies 
with time. Time selective fading can be characterised by the coherence time of the 
channel, which is defined as the time interval during which the channel impulse response 
presents a high auto-correlation. The coherence time is inversely proportional to the 
Doppler spread and is a measure of how fast the channel changes in time.
4.5.5 Stationary user
In this sections, the temporal correlations of a radio channel are described. A model 
for generate synthetic temporal correlation effects is proposed, albeit it was not tested
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against measurements.
The indoor channel is non-stationary both in time and in space, due to people, pieces of 
furniture and equipment moving in the proximity of the base station antennas [Sal87a]. 
Even with the transmitter and receiver locations fixed, the signal level at the receiver 
can vary significantly according to changes in the environment that affect propagation 
paths. Low elevation angle experiments showed indoor temporal signal fading that was 
Rayleigh or Rice distributed with a dynamic range of 17-30dB [Bul87]. These variations 
resulted from the movement of outdoor traffic or people and doors inside the building 
which changed propagation geometries. Reference [Bel95] compares these results with 
higher elevation satellite experiments, where people moving near the receiver produced 
less than 0.5dB signal variation. The author suggested that the higher elevation angle 
signal and its reflections encountered fewer moving objects in their path to the receiver, 
thus there was little to no change in the propagation paths. The exception to this was 
when a person blocked the direct transmission path, resulting in signal attenuation of 
6- 1 2dB.
In order to simulate fast fading in the indoor environment it is proposed to model 
individually the fading effects of the environment and also the fading effects due to 
the movement of the receiver. Figure 4.20 shows the block diagram of the proposed 
model. The model returns a complex sequence with Gaussian pdf corresponding to 
the temporal correlated fading due to the movement of the environment around the 
transmitter and receiver. It is proposed that the correlation function is the response 
of a simple first order Butterworth filter. Analysis of the measurements should try to 
verify these assumptions.
4.6 Analysis of polarisation diversity
Polarisation diversity takes advantage of the decorrelation between the horizontal and 
vertical polarisations of a signal. This is due to the random reflections and diffraction 
of the signal multipath between the mobile and the base station. Figure 4.21 shows the 
variation of the amplitude for the complex reflection coefficient for a meshed glass at 
60GHz, measured as part of the material measurements introduced in section 3.3 and 
described in reference [Fia98a]. From the figure, the magnitude of the reflection loss for 
the vertically polarised wave is greater than that for the horizontally polarised wave.
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Figure 4.20: Temporal correlation model
The phase of the horizontally polarised wave does not change with the reflected angle, 
whereas for the vertically polarised wave, the phase changes by 180° at the Brewster 
angle [Ha997] (around 65° in figure 4.21). At the Brewster angle only the horizontal 
component of a randomly polarised wave is reflected, indicating that the polarisation 
state is changed by reflection and transmission [Sau99]. It can also be shown (e.g.
Material: Meshed Glass; Freq. 60GHz; 2 layer model.
Figure 4.21: Amplitude of the reflection coefficient for a meshed glass window
reference [Ha997]) that an ideal vertically polarised transmitter antenna cannot trans­
mit the horizontally polarised waves and vice versa. However, a real antenna has an 
effective thickness which results in some cross-polarisation and also the polarisation 
characteristics are varied due to the refraction and scattering of the wave. Therefore,
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radio waves can be received, to some degree, by a cross polarised receiving antenna.
Polarisation diversity has the advantage over other type of diversity techniques, such as 
time or frequency diversity, that it does not have any impact on the spectral efficiency 
of the system. Another potential advantage of using polarisation diversity is that the 
antenna elements can be co-located, thus reducing the size of the antenna compared to 
space diversity.
Reference [Koz84] demonstrated that, in a macrocell environment, the horizontal and 
vertical components are sufficiently decorrelated to be used as an effective diversity 
reception scheme. In this section, measurements taken for the Mobile-VCE are used to 
analyse polarisation correlation in the indoor and indoor to outdoor environments.
In the measurement setup, the two antennas responding to different polarisations were 
separated in space. The correlation of two branches, due to spatial separation, de­
pends on the angular distribution of the scatterers which surround the mobile or the 
base station, as in the case of a picocell system. In the measurements simulating the 
microcellular system (scenario 2 ) vertically spaced polarised antennas were employed 
(figure 4.22(b)), whereas in the indoor measurements (scenario 5) horizontally spaced 
polarised antennas were employed (figure 4.22(a)).
V*
Vi
a) Horizontally spaced antennas b) Vertically spaced antennas
Figure 4.22: Cross polarised dipole antennas with space diversity
Reference [Egg93] shows that the compound space and polarisation diversity decorre­
lates the signal envelope approximately as the product of space correlation (P12) and 
polarisation correlation (pxpoi)
P ~  P12 • Pxpol (4.24)
The two correlation models are analysed in the next sections.
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4.6.1 Space diversity correlation model
As shown in reference [Sau99], the correlation between the fields of spatially separated 
antennas, where the distance from the scatterers is much greater than the distance 
between the antenna elements, can be found as:
2tt
p12(d) =  j  p(9) • eikdsinmd$ (4.25)
6=0
where 9 is the angle of each wave received at the antennas, with respect to the broadside 
direction, p(9) is the pdf of the angular distribution of the scatterers, k is the wave 
number and d is the distance between the two receiving antennas.
In the indoor environment both mobile and base station are surrounded by scatterers, 
so the angular distribution of scatterers can be described by an uniform pdf over [0,27r]. 
By solving equation (4.25):
Pi2(d) =  Jo ( j T j  (4.26)
where, Jo is the Bessel function of the first kind and zeroth order. Figure 4.23 shows that
the correlation between branches varies with the distance between antenna elements,
in the case where the horizontal angular spread of the received signal is 180°.
Figure 4.23: Correlation for horizontal space diversity
In the measurements carried out for the Mobile-VCE, one set of receiving antennas were 
positioned outside the building (e.g. scenario 2 ); with this set-up scatterers are closer 
to the base station than to the mobile, which has effects on the signal angular spread
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and the assumption of horizontal uniform distribution may not be correct. Moreover, 
the antennas elements were positioned with vertical space diversity (as shown in figure 
4.22(b)), this configuration is often employed because the antennas can be packaged 
into a more compact structure [Sau99].
By assuming that the scatterers surrounding the antenna are uniformly distributed 
relative to the horizontal, the authors of reference [Par91] have suggested the following 
pdf for the vertical angular distribution (7 ) of the scatterers:
7r
P(l) =  <
417r
cos
0
7T7
27m hi < hml < |
elsewhere
(4.27)
where 7 m is half of the vertical angular spread, experimentally found to be in the range 
of 10 -  20° [Par91].
4.6.2 Cross-polarisation discrimination
The cross polarisation discriminant (r) is calculated as the ratio between the mean 
signal level of co-polarised and cross-polarised branches. This ratio quantifies how 
much of the power received is being cross-polarised, with respect to the co-polarised 
received power. Both reference [Koz84] and [Vau87] defined:
r = 4  (4.28)
° H
where Oy and o\  are the variances of the fading envelope of the vertical and horizontal 
components
4.6.3 Polarisation diversity correlation model
Reference [Koz84] proposes a model for polarisation for the microcell environment, 
where the correlation depends on the angle of inclination of the base station antennas, 
the mobile antennas (assumed to be vertical) and the azimuth position of the mobile. 
For the indoor situation under inspection it is necessary to include the elevation angle 
of the mobile with respect to the base station. This takes into account that a mobile 
can be under a ceiling or wall mounted antenna and also the situation where the mobile
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Figure 4.24: Theoretical model for polarised antennas
moves on floors other than the one the base station is on. In figure 4.24 the theoretical 
model and the system coordinates employed in the analysis are shown.
The signals received at the antennas V\ and V2 are
v\ — x sin(o:) cos(/3) +  y cos(o:) cos(7 )
V2 =  —x sin(a) cos(/3) +  y cos (a) cos (7 )
where x and y are the horizontal and vertical components of the field arriving to the 
antennas [Koz84]. By defining:
(4.29)
(4.30)
a =  sin(o:) cos(/3) 
b =  cos (a) cos (7 )
it is possible to solve equation (13) from reference [Koz84] for the three dimensional 
case:
Pxpol
a2 -  b2 • T
a2 +  b2 • r
/  tan2 (a) • cos2 (/5) \
cos2 (7 )
V
tan2 (a) • cos2 (/3) + r
(4.31)
Jcos2 (7 )
where a is the antenna rotation angle with respect to the vertical polarisation axis, (3 is 
the azimuth angle of the mobile with respect to the base station and 7  is the elevation 
angle of the mobile with respect to the base station.
4.6.4 Description of measurements
One of the aims of the Mobile-VCE measurement campaign was to measure the relevant 
parameters needed for modelling the effects of the environment on the polarisation of the
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received signal. The environments under consideration axe picocell, indoor to outdoor 
simulating the picocell to microcell interference and microcell.
4.6.4.1 Measurements in the indoor and indoor to outdoor environment
In scenario 2 of the Mobile VCE measurement campaign, two sets of cross polarised 
receiving antennas were employed:
Antenna set 1 was positioned outside the window of an office on the first floor of the 
CCSR building,
Antenna set 2 was positioned on the internal stairway, on the third floor of the CCSR 
building.
Figure 4.25 shows the picture of the CCSR building with the position of the antennas. 
The antennas overlooked the park on the east side of the building. The measure­
ments were carried out by employing receiver dipole antennas mounted on a mast with 
horizontal and vertical polarisation as shown in figure 4.22(b); the transmitter dipole 
antenna was vertically polarised.
Figure 4.25: CCSR building with position of the polarised antennas
The transmitter was moved from car park 4 to the entrance of the CCSR building. 
The measurements were divided into sections; each section having different propagation 
characteristics:
Run #1: in this run the transmitter moved along the road in front of the CCSR build­
ing, the line of sight with the receiver is sometimes interrupted by trees.
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Run #2: the run started near the road, in front the building, and terminated in front 
of the door. The transmitter was always in line of sight with the receivers, for 
those receivers inside the building a window was the only obstacle. The results of 
this run may have been affected by the changes of elevation which are comparable 
to the changes in the azimuth angle.
Run #3: the transmitter moved on the 2 nd floor of the CCSR building, starting from 
the stairs, moving along the corridor and entering one of the rooms.
Measured path loss data are filtered with 40A local mean filter for the 2.4GHz mea­
surement and 10A for 5.2GHz. Figures 4,26 shows the result of the local mean filtering 
process and statistical analysis of the fast fading for run #1 at 2.4GHz. The measured 
cdf of the Rice distribution is compared with a theoretical Rice cdf, with the same K  
factor.
4.6.4.2 Measurements in the indoor environment
The measurements of scenario 5 were carried out in the Seminar room, on the first floor 
of the CCSR building. Three sets of cross polarised antennas were employed; figure 
4.27(a) shows the position of the cross-polarised antennas. The boresight of the dual­
polarised antennas was directed toward the centre of the room. The measurements 
were carried out by employing receiver dipole antennas horizontally mounted on a 
mast 2.05m tall, with horizontal and vertical polarisation as shown in figure 4.22(a); 
the transmitter dipole antenna was vertically polarised.
The measurements included a furnished and unfurnished scenario as shown in the pic­
ture in figure 4.27(b). The furnished scenario included chairs, desks and other objects 
commonly found in office meeting rooms. In the case of the unfurnished room, the 
transmitter moved in parallel lines 25cm apart. In the case of the furnished room the 
transmitter was confined to move between the item of furniture.
4.6.5 Results of polarisation measurements
4.6.5.1 Analysis of the cross-polar discrimination
The outdoor runs: Analysis of the measurements for the outdoor transmitter run
have shown that the antenna set inside the building provided greater polarisation di-
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Distance from start of nm [metre] Distance from start of run [metre]
c.d.f. of fast fading (40 X filter). 
Scenario 2 -  S2-2GHz-1defg
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- 3 0  - 2 0  - 1 0
Signal Level [dB]
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Signal Level [dB]
Scenario 2. Local Mean (40 X filter).
Chan: 1; Room: U31, outside £&wS2-2GHz-1defeu 2; Room: U31, outside window
Distance from start of run [metre] 
Chan: 3; Stairs. 3rd floor Chan: 5; Stairs, 3rd floor
20 40 60
Distance from start of run [metre]
Channel 3  -  Polarisation: vertical Channel 5  -  Polarisation: horizontal
Figure 4.26: Local mean and feist fading analysis for run #1 at 2.4GHz
versity with respect to the set outside the building, figure 4.28 shows the results for run 
#1. This may be due to the scattering in the indoor environment which cross-polaxises 
the transmitted signal, whereas the signal received by the antenna outside the building 
was subject to less scattering. This may not be generally true in densely built-up areas, 
where strong scatterers such as building and vehicles may be close to the mobile.
In accordance with the results found in reference [Koz84], the value of the XPD for a 
microcell environment depends only slightly from the distance between transmitter and 
receiver. In the environment under inspection, where there is a line of sight obstructed 
only by trees, the XPD varies almost periodically around its mean value, indicating that 
few strong scatterers are contributing to the cross-polarisation of the signal. An average
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Plan of the Seminar Room
metre
(a) Antenna position and mobile runs
(b) unfurnished and furnished
Figure 4.27: Seminar Room
value of 8 dB was found to be consistent in the measurements for both frequencies. 
The measured XPD of the antennas positioned inside the building shows a higher
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decorrelation between the two branches, an average value of 4dB was found for the 
2.4GHz and 5dB for 5.2GHz.
Cross-Polar Ratio : <T, >=4 5c© Cross-Polar Rato : <T, c>-5.1d
iv-
*;*-•&.....
!♦ i i : *
. £ « j . . .j^ .. *• ■
A . f&y.
1 t , , • ♦
10 20 10 20 X  40
(a) 2 .4G H z (b) 5 .2G H z
Figure 4.28: Cross polar ratio, outdoor run # 1
The indoor runs: The measurements of the XPD for the 2.4GHz are shown in figures
4.29(a) and 4.30(a) for the unfurnished and furnished room. The value of the XPD 
for the first and second antenna set is about lOdB and does not vary when the room 
is furnished or unfurnished, whereas the XPD value of the third antenna set (bottom 
plot) varies from 7dB to 17dB. This variation may be due to the particular position of 
the receivers with respect to the position of an object in the room, which is affecting 
the multipath characteristics.
At 5.2GHz, the measurements (figures 4.29(b) and 4.30(b)) show a greater variability 
in the values of XPD at the three receiving antenna positions in the room, variation in 
the range between lOdB and 20dB was found. The effect of furniture inside the room 
on the value of XPD was only 2dB maximum, which may be due to the fact that the 
height of most of the objects was lower than the transmitter antennas, thus only a 
small effect was observed.
4.6.5.2 Analysis of the correlation coefficient
The outdoor runs The measured cross correlation coefficient for the outdoor runs 
are shown in figure 4.31. Each plot shows the measured data (points), the correlation
X P D  -  S 2 -2 G H z -1 d e fq
Cross-Polar Rato «T^
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Figure 4.29: Cross polar ratio, Seminar room, unfurnished
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Figure 4.30: Cross polar ratio, Seminar room, furnished
at the average value of the elevations (solid line) and the two dotted lines represent 
the correlation at the mean plus and minus the elevation range. The measurements for 
the antenna set outside the building (top plots) for both 2.4 and 5.2GHz show that the 
correlation increases with the azimuth angle /?, as expected from the model.
Measurements of run #2 have show that the variation in elevation angle had a noticeable 
effect on the polarisation correlation.
The indoor runs: The measured correlation coefficient for the cross polarised an­
tennas for the indoor runs are shown in figures 4.32 and 4.33. The proposed model 
underestimates the polarisation correlation coefficient for the 2GHz, although better
57
Chapter 4. A Physical-Statistical Model for Indoor Propagation
Correlation coefficient for cross polarised an tennas  
S cenario  2  -  S 2 -2 G H z -1 d e fg
Cross potsrtesd MMsnns >1
Correlation coefficient for cross polarised antennas  
Scenario  2  -  S 2 -5 G H z -1 d e fg
Crass polarised antenna #1
•
'Angular spread ■ 4o°
•  •
•  •  
a
*****
•  Measured correlation 
—  y-*<bj>)
Angular spread 6m -  30°
•
•  « T|, •ar - t r - — -  
•
(a) 2 .4G H z (b ) 5 .2G H z
Figure 4.31: Cross correlation coefficient, run # 1
results are obtained for the 5GHz measurements.
4.6.5.3 Summary of polarisation results
The model for correlation of cross polarised antennas presented in this section extends 
the Kozono model [Koz84] to include the elevation of the mobile with respect to the base 
station antennas, as well as the azimuth. The reason is that in the picocell environment 
the mobile is likely to find itself below or above the base station antennas.
In order to test the model a large number of measurements were analysed, which 
included scenarios with base station and mobile antennas inside and outside a building, 
with different antenna configurations.
It is concluded that the proposed correlation model correctly predicts the polarisation 
correlation for picocell antennas covering the outside the building. For high elevation 
angles the model failed to model the polarisation correlation. The low Rice K  factor 
shows that the signal is mainly composed of reflections.
The model did not accurately predict the polarisation correlation in the indoor sce­
nario, probably due to other propagation mechanisms, which tend to decorrelate the 
polarisation of the signal.
The following table include the average value of the cross-polarisation discrimination 
T, which were calculated from several measurement runs. The value for cross-polar
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Figure 4.32: Polaxisation cross correlation coefficient, Seminar room, unfurnished
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Figure 4.33: Polarisation cross correlation coefficient, Seminar room, furnished
discrimination for the picocell environment is comparable with the one measured by 
reference [Per97], at 1.8GHz in the indoor environment. The authors have found XPD 
values up to 15.6dB for line of sight situations, values of 6 .6 dB for brick wall obstruction 
and value as low as 1 .6dB for heavily cluttered NLOS areas.
4.7 Conclusions
The approach used for modelling the indoor propagation environment is a physical- 
statistical one; this type of model replicates the most important characteristics of a 
building, such as walls and floors, and employs statistical techniques for modelling the
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Environment Line of sight 
condition
XPD
2.4GHz 5.2GHz
Microcell 
(Tx and Rx outdoor)
line of sight periodically 
obstructed by trees
8.5dB 8 .8 dB
Picocell coverage outside building 
(Tx outdoor - Rx indoor)
NLOS 4.5dB 5.1dB
Microcell coverage inside building 
(Tx indoor - Rx outdoor)
NLOS 0.7dB 2.9dB
Picocell 
(Tx indoor and Rx indoor)
LOS (unfurnished) 8.7dB 15dB
LOS (furnished) 12.4dB 15dB
NLOS 1.6dB 4.3dB
Table 4.4: Parameters extracted from measurements 
fading of the signal.
The physical narrowband propagation parameters which are expected to mostly influ­
ence a radio system in a picocell environment is the path loss which depends on the 
loss due to walls and floors crossed. An analysis of the wall loss for a typical material 
is compared with measurements found in the literature.
Shadowing is treated as a random variable, statistical analysis includes location vari­
ability, correlation distance and slow fading effects in line of sight situations. These 
results are used in the following chapter where a general model for shadowing correla­
tion is proposed.
Short term fading in the indoor environment is analysed using the Rice and Rayleigh 
distributions. The effects of antenna patterns on the K  factor are discussed, and a 
temporal correlation model is proposed.
Finally, a polarisation model is presented and tested against measurements. The two 
parameters of interest are the cross-polarisation discrimination and the polarisation 
cross-correlation coefficient, which have effects on the diversity gain obtained when 
cross polarised antennas are employed in the indoor system.
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Chapter 5
Correlated shadowing
5.1 Introduction
The aim of this chapter is to propose methods for generating realistic shadowing profiles 
to be used within the channel simulator of the indoor and outdoor environments. This 
work was also part of an investigation, carried out under the Mobile-VCE programme, 
to simulate the relative performance of various radio architectures. The correlation 
statistics, required to synthesise realistic shadowing profiles, are extracted from three 
set of measurements:
• the indoor measurements from the Mobile-VCE campaign, described in section
3.2
• a wideband measurement campaign which primarily focused on the indoor to out­
door interface, made for the Mobile-VCE by the University of Bradford, described 
in [JonOO].
• a measurement campaign made in a macrocellular environment
The indoor correlated shadowing model is based on a simple correlation function derived 
from data analysis; the generated shadowing profile is derived from a model of the 
spatial relationship between the position of the mobiles and base stations within the 
building. Results from the simulations are compared with the measured data, which 
show good agreement in terms of both auto and cross-correlation. The overall model 
was used within the Mobile-VCE project as part of a system comparing the benefits of
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several innovative radio architectures for in-building coverage and capacity. The results 
were also presented in the conferences referenced in [FiaOOd] and [FiaOOc].
In the case of the macrocellular environment cross-correlated shadowing, the model 
employed heuristics based on both the geometry for a mobile operated in a street 
canyon and the relative distance of the base stations. Through simulation, the model is 
shown to offer a better availability prediction compared to the uncorrelated shadowing 
model.
Finally, it is presented a summary of the radio propagation model used in the following 
chapters for simulating the Intelligent Picocell.
5.2 Description of correlated shadowing
In the analysis and simulation of cellular mobile networks, it is often assumed that 
long-term fading component (shadowing) of the field strength follows a log-normal 
distribution. In the literature, correlation of shadowing has been shown to affect several 
network parameters, such as:
• reuse factor estimation [Abu94]
• outage probability and handover performance [Gra98]
• co-channel interference [Gra78, Zay98]
• in-building base station placement [But98]
• adaptive antenna performance [Sau99]
As reported in [Sau99], the shadowing experienced on nearby paths is correlated due 
to the structure of the environment. Figure 5.1 shows the possible shadowing profiles 
between two mobiles and two base stations. On each path, the shadowing measured in 
dB can be described by the zero-mean Gaussian random variables: Su, Si2 and S21. 
Two types of correlation are therefore taken into consideration:
• auto-correlated shadowing (pa), which determines the dynamics of shadowing for 
a moving mobile
n _ E [ S n -S12\
Pa — (5.1)O1O2
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• cross-correlated shadowing (pc), which determines how the level of co-channel 
interference varies relative to a wanted signal
=  E  [ 5 u _ - 5 2 i]
<7l<T2
where cri and 02 in equations (5.1) and (5.2) are the location variability (standard de­
viation) in dB corresponding to the two paths and E[.] denotes expectation. Reference 
[Gud91] proposed a shadowing auto-correlation function which follows an exponential 
decrease with distance and this approach has been widely adopted in the literature. 
The effects of shadowing cross-correlation in the outdoor environment has been subject 
to a number of studies. In references [Gra78] and [Sor99] correlation is considered as a 
function of the angle of arrival difference (A AD), whereas in [Zay98] both A AD and the 
relative distance is taken into consideration. A study presented in [Kli99] compares the 
analysis of his own measurements with the results of the previous papers. It concludes 
that, in an outdoor environment, the distance ratio between base stations have little 
influence on the final cross-correlation, the AAD contributing most of the effects.
By contrast, in the indoor environment cross-correlation has received relatively little 
attention, however, [But98] showed the influence of cross-correlation on system capacity 
for an indoor environment. The analysis of cross-correlated shadowing described in this 
chapter is based on the method proposed for the outdoor environment, where the two 
variables considered are the angle between the two paths from the base stations to the 
mobile (a in figure 5.1) and the ratio between the two path lengths (i.e. ^ ) .
v /  sn  rJ S /
>4 = : : : ..........................a \ f \
/  - x
Moving
Mobile
Base site 1 S12
, / /  S 21 d.21/
/ /
X
Base site 2
Figure 5.1: Shadowing paths between a moving mobiles and two base stations [Sau99]
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5.3 Correlated shadowing model
The correlation between shadowing effects at two separated location decays with dis­
tance. The model used in this section assumes that the correlation decay with distance 
follows the shape of an inverse exponential, as proposed by reference [Gud91]. In this 
section it will be demonstrated that, by employing an Infinite Impulse Response (HR) 
filter, it is possible to correlate a white noise sequence with required statistics, such 
that the output sequence can be used as a shadowing profile. The simplicity of the 
model makes it suitable for system level simulations of mobile architectures, two cases 
are examined:
• one dimensional case: where shadowing is simulated only on the path used by the 
moving mobile
• two dimensional case: where shadowing is simulated on the whole area covered 
by the base stations.
In both cases the proposed filters can be easily substituted with more complex ones, 
which can represent more complicated correlation functions.
5.3.1 Auto-correlation shadowing generator in one dimension
The correlation model shown in figure 5.2, is an inverse exponential described by
p(d) — e~& (5.3)
In order to generate a correlated sequence with required statistics, a first order HR 
filter shown in figure 5.3 can be used. The difference equation of the filter is given by
y(k) — a • y(k +  1) +  x(k) (5.4)
where k is the sample number, the samples are assumed to be equally spaced and x(k) 
is the uncorrelated input to the filter, i.e.:
E[x(k) • x(k +  to)] =  0 (5.5)
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Ccttftl&tbn luncUon
distance
The auto-correlation of the signal y(k), at the output of the filter is
P y y (m )  =  E[y(k) • y(k +  m)] (5.6)
The output signal is equal to the convolution of the input signal with the impulse 
response of the filter
pyy(m) =  E h{p) • x{k ~p ) -zfa  +  m - q )
,p——oo q=—oo
oo oo
X  X  h(p )' % ) #  g)]
(5.7)
(5.8)
p ——oo q ~ —oo
As the input is uncorrelated
oo oo
Pyy(m) =  ' M?) =  h(m) • H k +  m )=  phh(m) (5.9)
P——OQ q——co m ——oo
Equation (5.9) shows that the correlation of the output of an HR filter, when the input 
is an uncorrelated signal, is equal to the auto-correlation of the filter impulse response. 
By noting that the filter transfer function is
h(k) =  aku(k) 0  < a < 1
The correlation function can be calculated as
(5.10)
Phh(m) =  h(k +  to) • h(k) =  Y2 ak+m ■ ak
k=o k=o
.-. P h h (m )  =  j - L j  ’ (5.11)
As the auto-correlation curve of a causal system is double sided, equation (5.11) be­
comes
Phh{™>) =
1 — a2
. n \m \ (5.12)
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The term m eq.uati°n (5.12) represents the variance of the output signal. Setting 
d =  m • Ad, which is analogous to sampling in space domain, and comparing phh{m ) hi 
equation (5.12) with p(d) in equation (5.3), the value of the tap weight of the HR filter 
is given by
A  A
(5.13)
d
a =  e ^
Figure
above.
follows
5.4 shows the result of correlating a random sequence with the filter described 
The first order statistics are unchanged by the process and the auto-correlation 
the model.
Correlated shadowing sequence
Distance -  d 
Autocorrelation
First order statistics
dB
Figure 5.4: Output of auto-correlation model
5.3.2 Shadowing auto-correlation generator in two dimension
Shadowing auto-correlation in two dimensions is assumed to decay equally in all di­
rections; by analogy with the one dimensional case, the exponential curve representing
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the function which generates such correlation is
dx+dy
p(x,y) =  e <*c (5.14)
where dx and dy are the distances in the x and y dimensions and dc is the correlation 
distance, which is assumed to be the same in any direction.
In order to generate a two dimensional shadowing pattern, it is possible to set dx — m- 
Ax  and dy =  n-Ay, where m — 0,1 ,2 , • • • M  -  1 and n =  0,1,2 , • • ■ N  — 1. By assuming 
that each pixel is equal in size in both x and y dimension (i.e. A# =  Ay — Ad), the 
discrete correlation function given in equation (5.15) is plotted in figure 5.5.
+ T 1 2
PhhVm,n) =  e *c (5.15)
Figure 5.5: Two dimension correlation function
5.3.2.1 Fourier transform method
As in the one dimensional case, in order to generate a correlated sequence, an uncorre­
lated zero mean, unity variance Gaussian variable (px — 0 , o\ — 1 ) is convolved with 
the impulse response of a function with the required auto-correlation properties. The 
two dimensional convolution is [Bra95]
+oo -1-00
y(m, n) =  h(m, n) * x(m , n) =  X X h(m,n)x(m — p,n — q) (5.16)
p= ~ o o  q= —oo
Using the two dimensional Fourier transform the convolution operation can be written 
as
y(u , v) =  H (u, v) ■ X (u, u) (5-17)
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where X(u,v), H (u,v) and Y  (it, v) are the two dimensional Fourier transform of the 
input sequence, the filter transfer function and the output sequence. As the Fourier 
transform of the auto-correlation function phh,(m,n) in equation (5.15) represents the 
power density spectrum of the filter (Parseval’s relation [Pro96]), equation (5.18) relates 
the transfer function of the filter h(m, n) with its power density spectrum.
E[h(m,n) * h*(m -  p ,n -  g)] =  phh(m,n) ^  P(it,i>,) =  |iT(u,u)|2 (5.18)
Moreover, the auto-correlation sequence of a zero mean Gaussian process with variance 
<t2 is
px(m,n) — cr2 • 2S(m,n) (5.19)
where 28{m,n) is the two dimensional impulse response ([Bra95]). Therefore, the power 
spectrum of the input signal is equal to a constant, i.e.
\X(u,v) \2 =  c?l =  l (5.20)
By using equation (5.18) the magnitude of the Fourier transform of the required filter 
h(m,n) is given by
|7T(it,u)| =  y/P(u,v) (5.21)
Finally, the output of the convolution process y{m , n) is calculated as
y(m, n) =  5ft [y(m, n)] S  \H(u, v)| • eiXx(u,v) (5.22)
From equation (5.22) the output correlation is
Pyy (m> n )=  E [y(m, n) * y* (m, n)] ^
H(u,v) ■ • H{u,v) • e~ ^ x ^  =
|iT(u,u)|2 %  phh(m,n) (5.23)
This equation states that, as in the one dimensional case, a convolution process can be 
used in order to correlate an uncorrelated two dimensional sequence.
An example of convolving a two dimensional random sequence is shown in figure 5.6(a). 
Figure 5.6(b) shows that the first order statistics are unchanged after the correlation 
process. The auto-correlation of the filtered sequence is shown in figure 5.6(c). In figure 
5.6(d), the contours of the filtered sequence (solid line) and the correlation function 
expressed in equation (5.15) (broken line) are superimposed, a good approximation is 
found, errors are due to windowing effects on the sequence. The main advantage of
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Figure 5.6: Correlation of a 2D random sequence by FFT method
the proposed method is that the exponential correlation function can be substituted 
by any other correlation function.
As the process becomes computationally costly with increasing area, it can be sim­
plified by generating the uniformly distributed random variable /.X(u,v) between —7r 
and 7r, which represents the phase of the input sequence. Such an approximation would 
save one FFT operation, which corresponds to \nsmpi log2 nsmpi mathematical opera­
tions. Even using this approximation, it has been found computationally demanding for
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simulating macrocellular environments; therefore an approximation to the correlation 
process is given in the next subsection.
5.3.2.2 Two dimensional HR filter approximation
The number of operations required by the Fourier transform method can be effec­
tively reduced by approximating the convolution in frequency domain (u, v) to two 
one-dimensional cascaded filters in the space domain (ra, n). The system is shown in 
figure 5.7. A one dimension IIR filter is used for filtering the rows of the sequence, 
subsequently an identical filter is used for the columns. A multiplicative factor C can
Figure 5.7: One-dimension IIR filter cascade 
be used to normalise the variance of the sequence, where:
C =  1 -  a2 (5.24)
This operation is equivalent to employing the one-dimensional IIR filter for the two 
orthogonal dimensions x and y. With this method it is expected that the correlation 
is exact for every point at 0°, 90°, 180° and 270°, with the greatest error at ±45° and 
±135°. The mean error obtained by this method can be reduced by increasing the 
correlation distance such that the area enclosed by the points of equal correlation is 
equal to the area of the circle of radius dc, as shown in figure 5.8.
The process is equivalent to squaring the circle [BorOO], a good approximation was 
experimentally found to be:
dc =  dc 1 +  sin(a)
2 cos(a) (5.25)
where a is 45°.
The results of the approximation are seen in figure 5.9(a), which shows the filtered 
sequence. Figure 5.9(c) shows the auto-correlation of the sequence. The error obtained 
by the impulse response of the approximation with respect to the theoretical is shown
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IIR Filter Approximation
a) b)
Figure 5.8: Reduce the mean error of IIR filter method
in figure 5.9(d), the maximum correlation error is, on average, around 10%. The RMS 
error will also diminish if the sampling period is chosen to be no less than half the 
correlation distance, which meets the Nyquist criterion.
The number of operations required by the FFT method and the filter methods are 
listed in table 5.1. The values were calculated by using the floating point operation 
count (FLOPS) function of the MATLAB software package. Although this is not an 
absolute number of operations it gives an idea of the speed gained by using the filter 
method.
Number of samples FLOPS
FFT method Filter method
256 48K 2K
1024 213K 9k
4096 940K 36K
Table 5.1: Floating point operation count
5.3.3 Shadowing cross-correlation generator
The model illustrated in figure 5.11 is proposed to generate a spatially correlated 
shadow-fading pattern with the desired statistics. The model can be summarised as:
• N  Gaussian random processes with zero mean and unity standard deviation are
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O utput se quence
(c) (d)
Figure 5.9: Correlation of a random image with IIR filter approximation
generated. Each random process represents the shadowing affecting each receiver 
and each sample represents a different position of the transmitter.
• The auto-correlation process is modelled by filtering each random sequence by 
employing the one or two dimensional filters specified in equations (5 .3 ) and 
(5.15), the output is than re-ordered into a column vector Y .
• The covariance matrix C, shown in equation (5.26), is constructed for each sample 
by assuming that the variance of the shadowing (<rn) is the same for each path. 
This is a reasonable assumption since the paths may be within the same building 
or within the same macrocellular area, which axe often assumed to have similar 
statistical characteristics. For each sample the cross-correlation terms (pmn), 
in the covariance matrix C, are calculated from the cross-correlation function
random  variable
First order statistics
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Figure 5.10: Correlation error obtained with HR filter approximation
between each path.
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(5.26)
• The covariance matrix C is symmetric with the leading diagonal of values being 
equal, therefore the eigenvalues of C are real. By employing Schur decomposition, 
the covariance matrix is factorized into ([Str8 8 ] and MATLAB function reference)
C =  Q D  Q t  (5.27)
where D  is a diagonal matrix of eigenvalues and Q is a full matrix with the 
eigenvector as columns. Finally, equation 5.28 is solved in order to generate N 
cross-correlated shadowing sequences are 1
s h  =  q V d y
The correlation between the vector S H can be calculated as
SH  S H t  =  Q • V t5 Y  • Y t  • v /D T • Q  ■
(5.28)
(5.29)
The weights W u , W u-.-, shown in figure 5.11, are given by: W  =  Q - \/D
distance
-20
distance
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Figure 5.11: Correlated shadowing generator
as the elements of vector Y  are defined as uncorrelated with each other
Q - V D - I - V d T - Q t  (5.30)
which is the same as equation 5.27, thus the elements of SH are correctly cross­
correlated.
If matrix C is not positive or semi-positive definite, its eigenvalues are negative; in
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order to compute the square root of D the negative eigenvalues can be substituted 
with zeros, thus approximating a semi-positive definite matrix.
5.4 Correlated shadowing in the picocell environment
The cross-correlated shadowing model for the indoor environment is derived from the 
in-building measurements presented in section 3.2. The channel sounder used was 
composed of six distributed receivers simultaneously sampled.
Figure 5.12(a) and 5.13(a) show the results of the analysis of the shadowing correlation 
versus the angle between the paths to the six receivers, as the mobile platform moves 
around the Centre. In order to calculate the correlation coefficients, the mobile path is 
divided into sections, with the length of each section taken to be equal to the shadowing 
correlation distance dc, which was found from the measurements to be 7m for 2.4GHz 
and 3.5m for 5.2GHz. For each section, the angle between each pair of receivers was 
calculated for each sample. After ordering the samples in 18 bins, each spanning 10°, 
the correlation coefficient was calculated as pc in equation (5.2).
As shown in [Sau99], the correlation decreases as the angle increases, due to the fact 
that for small angles the path profiles share many common elements leading to a high 
correlation. However, unlike the outdoor case, where the correlation tends to zero for 
large angles ([Kli99]), the correlation for angles larger than 90° is found to have a 
negative trend. This suggests that the shadowing in one path increases as the other 
decreases, agreeing with the results presented in [But97]. The spread of correlation 
values shown in the graphs is mainly due to the finite amount of data available for the 
estimation in each bin, but a reasonable empirical model for the shape of the correlation 
with respect to the angle between paths follows the shape of a cosine (dotted line in 
the graphs) for both 2.4GHz and 5.2GHz. Analysis of shadowing with respect to the 
relative distance did not show any significant correlation, which may be due to the fact 
that too few samples were used in order to generate valid statistics. Therefore, the 
correlation of shadowing between any two receivers is given by:
pc =  (3 - cos(a) (5.31)
where a is the angle difference between two shadowing paths and (3 is a constant factor 
which depends on the environment and the frequency. In the measurements analysed
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the values for (3 were found using a non-linear search algorithm which calculates the 
optimal value which minimises the variance of the error; the optimum values for the 
scenario are shown in table 5.2.
frequency P
2.4GHz
5.2GHz
0.64
0.54
Table 5.2: Optimum value of [3
The analysis of cross-correlated shadowing in the indoor environment presented above 
does not show if the cross-correlation effects are solely due to the effects of walls or if 
they are also due to the presence of furniture present in the building. For this reason 
the analysis was repeated for the following shadowing definitions:
• Shadowing is treated as a statistical fluctuation about the local mean, where the 
number of walls are not taken into account:
SH  =  Locai M ecm CataDestFit
• Shadowing is extracted by subtracting the wall loss factors and free space loss from 
the local mean of the measurements, as in Keenan and Motley model [Kee91]:
SH  — LocalMean ~  W allBesiFn — FreeSpaceLoss
At 2.4GHz the analysis of the statistics of correlated shadowing are very similar for the 
two definitions of shadowing, with the first definition offering a higher correlation than 
the second. This indicates that the cross-correlation effects are due to the environment 
and not only due to the presence of walls. At 5.2GHz the correlation of the first 
definition is higher than the second, this is due to the fact that at higher frequency 
walls may have the greatest effects on the statistics of shadowing.
Figure 5.14 shows the correlation results found from an indoor to outdoor measurement 
campaign carried out in three locations in the UK (Bradford, Bristol and Surrey) 
employing a wideband channel sounder working at 2.45GHz. Details of the campaign, 
which was sponsored by the Mobile-VCE, are described in reference [JonOO]. The 
results of two of the locations (Bradford and Surrey) have correlation shapes which can
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be approximated by the model in (5.31). The measurements in Bristol do not follow 
the proposed model, perhaps because of additional losses at this site introduced by 
differences in transmitter and receiver height due to the hilly terrain.
The cross-correlation generator, shown in the previous section, was used to synthe­
sise shadowing profiles with the position of the transmitter and receivers as in the 
experiment. For each sample, the cross-correlation terms (pmn) in the covariance ma­
trix (5.26) are calculated by talcing the cosine of the angle difference between the two 
paths, as proposed in equation (5.31). The results of the simulations are shown in figure 
5.12(b) and 5.13(b) for both frequencies. As in the measured data, the spread of values 
is due to the fact that the number of samples used in each bin can only approximate 
stationarity. As seen in the measured correlation, the coefficients are strongly negative 
for large angles and become progressively more positive as the angle decreases. This
(a) Measured (b) Simulated
Figure 5.12: Analysis of shadowing correlation for 2.4GHz
effect has not been found for shadowing correlation in the macrocellular environment. 
This may be due to the structure of the indoor environment in which shadowing is 
near to the base station as well as the mobile. On the contrary, in the macrocellular 
environment the base station antenna is positioned higher off the ground.
5.5 Correlation shadowing in a macro cell environment
The cross-correlated shadowing for the macrocell environment is derived from mea­
surements made in a suburban hilly terrain. Then the cross-correlation shadowing is
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Figure 5.13: Analysis of shadowing correlation for 5.2GHz
Correlation vs Anglo Difference for Excess Atlenualion
Figure 5.14: Cross-correlation results for wideband measurements
simulated and it is shown that the method, suggested in the previous section to generate 
synthetic shadowing, can be also employed for a macrocell environment. A correlation 
model based on the geometry of the environment is presented.
5.5.1 Analysis of measurements
The measurements were carried out in the south-east of England. A vehicle was driven 
for 250km within the area, a GSM measurement device recorded the received signal 
level (RXLev) of the BCCH (Broadcast Control Channel) for 24 GSM frequencies and 
the position of the vehicle is given by a GPS receiver.
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Each measured sample is on average 25m apart from the previous one. The intermit- 
tence of the GPS signal, due to the loss of line of sight with the satellites, did not 
offer enough samples to generate realistic statistics of auto-correlated shadowing of the 
environment. However, the samples are enough far apart to be uncorrelated, which 
allows study of the effects of the environment on cross-correlated shadowing statistics.
The measurement equipment did not record the BSIC (Base Station Identity Code) 
transmitted on the BCCH channel, it was therefore necessary to find which base station 
was most likely to be the bearer for each measurement location. The serving base 
station was found by taking into account the base station antenna patterns (Gtx), the 
alignment of the sectorised cell, the power transmitted (Ptx) and the three dimensional 
position of the mobile respect to the base stations. Using this information, each location 
was assigned to the base station with the highest EIRP power for each of the 24 
frequencies. Figure 5.15 shows the measurement locations (dotted line) and the position 
of the relevant base stations with the direction of the sectors in each cell and the 
horizontal antenna patterns. As in the indoor case, the shadowing component was 
calculated by subtracting the best line fit from the measured path loss. There was 
no need to take into account the fast fading component, as the signal recorded was 
averaged over time, during the 480ms SACCH multi-frame.
5.5.2 Analysis of correlated shadowing
Each sample of measured shadowing loss was grouped into bins depending on the 
Angle of Arrival Difference (AAD) and Distance Ratio (DR) between each pair of base 
station, as shown for the indoor data. The correlation between samples in each bin 
was calculated using equation (5.2). Figure 5.16 shows the results of the analysis of 
cross-correlated shadowing for the macro cell environment. The data for 34 sectors, 
which covered the area, where used in the analysis.
Contrary to models designed for the picocell environment where location of walls and 
materials can be easily obtained (e.g. from CAD drawings), in the macrocellular envi­
ronment the position of each building and other geographical features would require ex­
pensive databases, and considerable computational power. For this reason, a statistical 
model is proposed to model the cross-correlated shadowing characteristics. Although 
the model is a statistical one, it also reproduces the cross-correlation statistics based on
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Relative distance [m] x1Q4
Figure 5.15: Map of the measurement area, with measurement location (dotted line) 
base station position (asterisk) and antenna pattern
the A AD and DR parameters. With this type of model, it is not possible to accurately 
predict the shadowing value at a particular location, but it can give to the system de­
signer adequate information about the distribution of shadowing, which only requires 
simple input data such as the position of the base stations. To this end, a model is 
proposed which applies the geometrical concepts for modelling shadowing correlation, 
as presented in references [Sau96] and [Sau98]. The next sections will summarise the 
basic concept proposed by these authors.
5.5.2.1 Correlation due to distance ratio between paths
In Reference [Sau96] the paths between mobile and base stations is subdivided into a 
number of discrete elements of size Ar and At. Each component is assumed to produce 
an independent, multiplicative effect on the overall shadowing field components. The
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(a) Correlation vs Angle of Arrival Difference and Distance Ratio
(b) Correlation vs Angle of Arrival (c) Correlation vs Distance Ratio
Difference
Figure 5.16: Analysis of macrocellular measurements
geometry for the model is shown in figure 5.17. With this model, the variance of the 
shadowing process is given by the contribution of each element, with variance o 2. In 
macrocellular systems, the base station antenna is above the height of surrounding 
clutter, so that the effect of clutter is expected to be greatest close to the mobile.
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Figure 5.17: Model geometry for macrocell shadowing
Therefore, as pointed out in [Sau96], the function o 2 should be an increasing function 
of the distance d. The authors of [Sau96] suggest that the shadowing correlation can 
be derived as:
Nc
P i,2 =
g [ S i - S a l
£
n = l
\
Ni
i=i 1 -  2 ' Ar
n2
m= 1
(5.32)
m - I A r
where Nc is the number of elements in common which will lead to high correlation 
and N\ and N2 are the number of elements which axe unique to the two path. Such a 
model offers high correlation for paths which share many common elements and lower 
correlation for paths which traverse many unique features. Defining a function for cr2 
is not trivial and a study in reference [Kli99] has found that the effects of path distance 
ratio on the correlation is not as important as the effects of angle of arrival difference. 
Therefore a simple linear model is proposed for simulating the effects of the distance 
ratio.
5.5.2.2 Correlation due to the angle of arrival difference between paths
Reference [Sau98] and [Tza98] propose a physical-statistical model for simulating shad­
owing for mobile satellite systems. The correlation coefficients axe based on the azimuth 
sepaxation between two satellites in an envixonment with a Manhattan gxid structuxe. 
From simulation, the authors concluded that shadowing correlation can be approxi-
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mated by three situations, in each of which the correlation varies differently due to the 
nature of the shadowing elements:
• Azimuth separation less than 30°: significant positive correlation is observed 
because both satellite paths traverse the same building for most azimuth angles.
• For azimuth separation between 30° and 140° low correlation is observed, this 
corresponds to the situation where one path is often over a building while the 
other is roughly aligned with the direction of the street canyon.
• For separation above 140° weaker positive correlation is observed, corresponding 
to the case where the paths cross the buildings on the opposite sides of the street, 
or both are un-shadowed due to the alignment with the street.
For the purpose of this study, the model can be generalised to a terrestrial system by 
assuming that the propagation environment affecting the base stations is equivalent to 
the one affecting satellites at low elevation angles. In this situation it is expected that 
the correlation, even for low AAD separation is lower because the correlation due to 
DR is small.
5.5.3 Shadowing cross-correlation model
The model proposed to generate correlated shadowing for a macrocellular environment 
is shown in figure 5.18. The model approximates the combined effects of angle of arrival 
difference and distance ratio on correlation, as shown in the previous section. The main 
characteristics of the model are:
• The correlation coefficient increases with the distance ratio, reaching its maximum 
when the length of the two paths are equal.
• The correlation coefficient is dependent of the angle of arrival difference, such 
that the correlation coefficient decreases with the AAD to a minimum. Low 
correlation is found when the base stations are orthogonal to each others, which 
may represent the case when one base station is parallel to a street and the other is 
orthogonal to it. When the base station are opposite to each other the correlation 
increases.
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Figure 5.18: Empirical model for correlated shadowing
The suggested model can be mathematically described as:
Pi,2 =  (mdd +  cd) • <
m\a +  ci 
C2
m3a +  c3
a < 70°
70° < a < 110° 
a > 1 1 0 °
(5.33)
where a and d axe the angle difference and distance ratio respectively. The values for 
mx and cx axe calculated in a way such that discontinuities in the correlation curve are 
not found. Table 5.3 shows the parameter values fitting the measured cross-correlation 
shadowing.
Parameter of 
equation (5.33)
Value extracted 
from measurements
md 1 .0
Cd 0 .2
m\ -0.6548
C l 1 .0
C2 0 .2
m 3 0.2292
C3 1.4571
Table 5.3: Values of parameters for the macrocellular correlated shadowing model
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5.6 Effects of correlated shadowing on diversity and sys­
tem availability
In this section the effects of correlated shadowing are discussed for both picocell and 
macrocell.
5.6.1 Picocell environment
In order to compare the effects of correlated shadowing on a system simulation, the 
macroscopic diversity order is compared between a simulation using auto correlated 
shadowing and one employing both auto correlated and cross-correlated shadowing. 
This type of analysis is useful in systems where the antennas are part of a distributed 
picocell system; in these systems all the base station antennas transmit the same infor­
mation to anyone mobile, so that hand-over does not take place when it moves within 
the building. This technology is also referred to as simulcast antennas [Ari96, Ho996]. 
The improvements on system performance offered by distributed antennas in the indoor 
environment are presented in chapter 6 . In this section, the macroscopic diversity order 
is analysed and it is shown how it changes when the cross-correlated shadowing model 
is taken into consideration.
The area under simulation represents the CCSR offices, six distributed antennas are 
employed for coverage of the floor. The wall loss factors, frequency and transmitted 
power are similar to those measured in the narrowband campaign for the Mobile-VCE 
campaign (section 3.2).
The macroscopic diversity order is defined as the number of base stations which cover 
a particular location, with a received power above a given threshold; in the simulation 
the threshold was -70dBW. The simulation was using the auto-correlated shadowing 
and was repeated with cross-correlation shadowing added.
The results of one realisation of the simulation are shown in figures 5.19(a) and 5.19(b). 
The colour shading represents the diversity order which can vary from 0 (i.e. coverage 
below minimum threshold) to 6 (i.e. the signal received for all 6 antennas is above the 
threshold). The two plots appear very similar, showing greater diversity order in the 
centre of the floor. This is due to the low path loss, which usually has the greatest 
effect on receiver power.
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Macroscopic diversity order for receiver sensitivity o (-70dB W
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(c) Macroscopic diversity order statistics
Figure 5.19: Macroscopic diversity order within building
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Shadowing correlation effects are analysed by calculating the cdf of the diversity order 
on a number of realisations. Figure 5.19(c) shows the results of the simulation, it 
is noticed that in the case of the simulation which does not employ cross-correlated 
shadowing, the values of macroscopic diversity are higher with respect to the case where 
cross-correlation is taken into account. This can be explained by the fact that path loss 
has a definite structure due to the walls. In the auto-correlated shadowing model, this 
symmetry has the greatest effect on diversity, whereas in the cross-correlated shadowing 
model macroscopic diversity depends on the relative position of all the receivers.
In figure 5.20 are shown two possible distributed antenna configurations in the CCSR 
office. In figure 5.20(a) the antennas are positioned near the central corridor on the 
office, whereas in figure 5.20(b) the antennas are located near the external walls of the 
building. In both cases the antennas are close to the position used in the indoor mea­
surement campaign. The simulation employs the indoor shadowing cross-correlation 
model described in this chapter.
The result of the simulations, shown in figure 5.21, suggests that in order to obtain 
high macroscopic diversity coverage, the antennas should be spreaded around the edges 
of the CCSR office. The range of performance estimates observed here is dependent on 
specific levels of path loss and shadowing correlation being present, this may not be the 
case in other buildings. However, the results suggest that antenna placement has major 
implication on system performance and as such is an important design consideration.
5.6.2 Macro cell environment
Figure 5.22 shows the resulting SIR for a macrocellular system of two base stations, 
where the mobile is served by one base station at all times. The simulation assumes 
two omni-directional antennas 1km apart, with a path loss exponent of 4, a correlation 
distance of 200m and location variability of 9dB, as suggested by [Kli99] for rural 
environment.
The simulation in figure 5.22(a) assumes shadowing affected by auto-correlation, whereas 
figure 5.22(b) assumes the shadowing to be affected by both auto and cross correlation 
mechanisms.
For the first case, areas with high SIR values are randomly distributed within the plot, 
independently of the relative position of the interfering cells. This behaviour is not
87
Chapter 5. Correlated shadowing
the values for /? were found using a non-linear search algorithm which calculates the 
optimal value which minimises the variance of the error; the optimum values for the 
scenario are shown in table 5.2.
frequency P
2.4GHz
5.2GHz
0.64
0.54
Table 5.2: Optimum value of (3
The analysis of cross-correlated shadowing in the indoor environment presented above 
does not show if the cross-correlation effects are solely due to the effects of walls or if 
they are also due to the presence of furniture present in the building. For this reason 
the analysis was repeated for the following shadowing definitions:
• Shadowing is treated as a statistical fluctuation about the local mean, where the 
number of walls are not taken into account:
SH =  LocaiMean ~  DataBestFit
• Shadowing is extracted by subtracting the wall loss factors and free space loss from 
the local mean of the measurements, as in Keenan and Motley model [Kee91]:
SH  =  LocaiMean —  WallBe$tFit ~ FreeSpaceLoss
At 2.4GHz the analysis of the statistics of correlated shadowing are very similar for the 
two definitions of shadowing, with the first definition offering a higher correlation than 
the second. This indicates that the cross-correlation effects are due to the environment 
and not only due to the presence of walls. At 5.2GHz the correlation of the first 
definition is higher than the second, this is due to the fact that at higher frequency 
walls may have the greatest effects on the statistics of shadowing.
Figure 5.14 shows the correlation results found from an indoor to outdoor measurement 
campaign carried out in three locations in the UK (Bradford, Bristol and Surrey) 
employing a wideband channel sounder working at 2.45GHz. Details of the campaign, 
which was sponsored by the Mobile-VCE, are described in reference [JonOO]. The 
results of two of the locations (Bradford and Surrey) have correlation shapes which can
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be approximated by the model in (5.31). The measurements in Bristol do not follow 
the proposed model, perhaps because of additional losses at this site introduced by 
differences in transmitter and receiver height due to the hilly terrain.
The cross-correlation generator, shown in the previous section, was used to synthe­
sise shadowing profiles with the position of the transmitter and receivers as in the 
experiment. For each sample, the cross-correlation terms (pmn) in the covariance ma­
trix (5.26) are calculated by taking the cosine of the angle difference between the two 
paths, as proposed in equation (5.31). The results of the simulations are shown in figure 
5.12(b) and 5.13(b) for both frequencies. As in the measured data, the spread of values 
is due to the fact that the number of samples used in each bin can only approximate 
stationarity. As seen in the measured correlation, the coefficients are strongly negative 
for large angles and become progressively more positive as the angle decreases. This
C orrelated shadowing for 6  receivers a t 2 .4 G H z  Correlated shadowing for 6  receivers at 2 .4 G H z
(a) Measured (b) Simulated
Figure 5.12: Analysis of shadowing correlation for 2.4GHz
effect has not been found for shadowing correlation in the macrocellular environment. 
This may be due to the structure of the indoor environment in which shadowing is 
near to the base station as well as the mobile. On the contrary, in the macrocellular 
environment the base station antenna is positioned higher off the ground.
5.5 Correlation shadowing in a macrocell environment
The cross-correlated shadowing for the macrocell environment is derived from mea­
surements made in a suburban hilly terrain. Then the cross-correlation shadowing is
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Correlated shadowing for 6  receivers a t 5 .2 G H z Correlated shadowing for 6  receivers a t 5 .2 G H z
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Figure 5.13: Analysis of shadowing correlation for 5.2GHz
Correlation vs Angle Dllforonce for Excoss Attenuation
Figure 5.14: Cross-correlation results for wideband measurements
simulated and it is shown that the method, suggested in the previous section to generate 
synthetic shadowing, can be also employed for a macrocell environment. A correlation 
model based on the geometry of the environment is presented.
5.5.1 Analysis of measurements
The measurements were carried out in the south-east of England. A vehicle was driven 
for 250km within the area, a GSM measurement device recorded the received signal 
level (RXLev) of the BCCH (Broadcast Control Channel) for 24 GSM frequencies and 
the position of the vehicle is given by a GPS receiver.
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Each measured sample is on average 25m apart from the previous one. The intermit- 
tence of the GPS signal, due to the loss of line of sight with the satellites, did not 
offer enough samples to generate realistic statistics of auto-correlated shadowing of the 
environment. However, the samples are enough far apart to be uncorrelated, which 
allows study of the effects of the environment on cross-correlated shadowing statistics.
The measurement equipment did not record the BSIC (Base Station Identity Code) 
transmitted on the BCCH channel, it was therefore necessary to find which base station 
was most likely to be the bearer for each measurement location. The serving base 
station was found by taking into account the base station antenna patterns (Gtx), the 
alignment of the sectorised cell, the power transmitted {Ptx) and the three dimensional 
position of the mobile respect to the base stations. Using this information, each location 
was assigned to the base station with the highest EIRP power for each of the 24 
frequencies. Figure 5.15 shows the measurement locations (dotted line) and the position 
of the relevant base stations with the direction of the sectors in each cell and the 
horizontal antenna patterns. As in the indoor case, the shadowing component was 
calculated by subtracting the best line fit from the measured path loss. There was 
no need to take into account the fast fading component, as the signal recorded was 
averaged over time, during the 480ms SACCH multi-frame.
5.5.2 Analysis of correlated shadowing
Each sample of measured shadowing loss was grouped into bins depending on the 
Angle of Arrival Difference (AAD) and Distance Ratio (DR) between each pair of base 
station, as shown for the indoor data. The correlation between samples in each bin 
was calculated using equation (5.2). Figure 5.16 shows the results of the analysis of 
cross-correlated shadowing for the macrocell environment. The data for 34 sectors, 
which covered the area, where used in the analysis.
Contrary to models designed for the picocell environment where location of walls and 
materials can be easily obtained (e.g. from CAD drawings), in the macrocellular envi­
ronment the position of each building and other geographical features would require ex­
pensive databases, and considerable computational power. For this reason, a statistical 
model is proposed to model the cross-correlated shadowing characteristics. Although 
the model is a statistical one, it also reproduces the cross-correlation statistics based on
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x -|o4 Measurement run, with base stations
0 0.5 1 1.5 2 2.5
Relative distance [m]
Figure 5.15: Map of the measurement area, with measurement location (dotted line) 
base station position (asterisk) and antenna pattern
the AAD and DR parameters. With this type of model, it is not possible to accurately 
predict the shadowing value at a particular location, but it can give to the system de­
signer adequate information about the distribution of shadowing, which only requires 
simple input data such as the position of the base stations. To this end, a model is 
proposed which applies the geometrical concepts for modelling shadowing correlation, 
as presented in references [Sau96] and [Sau98]. The next sections will summarise the 
basic concept proposed by these authors.
5.5.2.1 Correlation due to distance ratio between paths
In Reference [Sau96] the paths between mobile and base stations is subdivided into a 
number of discrete elements of size A r and At. Each component is assumed to produce 
an independent, multiplicative effect on the overall shadowing field components. The
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Difference
Figure 5.16: Analysis of macrocellular measurements
geometry for the model is shown in figure 5.17. With this model, the variance of the 
shadowing process is given by the contribution of each element, with variance cr2. In 
macrocellular systems, the base station antenna is above the height of surrounding 
clutter, so that the effect of clutter is expected to be greatest close to the mobile.
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Figure 5.17: Model geometry for macrocell shadowing
Therefore, as pointed out in [Sau96], the function o\ should be an increasing function 
of the distance d. The authors of [Sau96] suggest that the shadowing correlation can 
be derived as:
Nc
P i,2 =
E[S i -S2)
CTl<72
X
71= 1
n — i  ] Ar
\
Ni
X «*
1 = 1
I — 2  r
n 2
X «*
771=1
(5.32)
m — -  ) Ar
where Nc is the number of elements in common which will lead to high correlation 
and N\ and N2 are the number of elements which are unique to the two path. Such a 
model offers high correlation for paths which share many common elements and lower 
correlation for paths which traverse many unique features. Defining a function for o 2 
is not trivial and a study in reference [Kli99] has found that the effects of path distance 
ratio on the correlation is not as important as the effects of angle of arrival difference. 
Therefore a simple linear model is proposed for simulating the effects of the distance 
ratio.
5.5.2.2 Correlation due to the angle of arrival difference between paths
Reference [Sau98] and [Tza98] propose a physical-statistical model for simulating shad­
owing for mobile satellite systems. The correlation coefficients are based on the azimuth 
separation between two satellites in an environment with a Manhattan grid structure. 
From simulation, the authors concluded that shadowing correlation can be approxi-
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mated by three situations, in each of which the correlation varies differently due to the 
nature of the shadowing elements:
• Azimuth separation less than 30°: significant positive correlation is observed 
because both satellite paths traverse the same building for most azimuth angles.
• For azimuth separation between 30° and 140° low correlation is observed, this 
corresponds to the situation where one path is often over a building while the 
other is roughly aligned with the direction of the street canyon.
• For separation above 140° weaker positive correlation is observed, corresponding 
to the case where the paths cross the buildings on the opposite sides of the street, 
or both are un-shadowed due to the alignment with the street.
For the purpose of this study, the model can be generalised to a terrestrial system by 
assuming that the propagation environment affecting the base stations is equivalent to 
the one affecting satellites at low elevation angles. In this situation it is expected that 
the correlation, even for low A AD separation is lower because the correlation due to 
DR is small.
5.5.3 Shadowing cross-correlation model
The model proposed to generate correlated shadowing for a macrocellular environment 
is shown in figure 5.18. The model approximates the combined effects of angle of arrival 
difference and distance ratio on correlation, as shown in the previous section. The main 
characteristics of the model are:
• The correlation coefficient increases with the distance ratio, reaching its maximum 
when the length of the two paths are equal.
• The correlation coefficient is dependent of the angle of arrival difference, such 
that the correlation coefficient decreases with the AAD to a minimum. Low 
correlation is found when the base stations are orthogonal to each others, which 
may represent the case when one base station is parallel to a street and the other is 
orthogonal to it. When the base station are opposite to each other the correlation 
increases.
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Figure 5.18: Empirical model for correlated shadowing 
The suggested model can be mathematically described as:
Pi,2 =  {mdd +  cd) • <
m ia +  ci a < 70°
c2 70° < a < 110° (5.33)
7713a +  C3 a > 1 1 0 °
where a and d are the angle difference and distance ratio respectively. The values for 
mx and cx are calculated in a way such that discontinuities in the correlation curve are 
not found. Table 5.3 shows the parameter values fitting the measured cross-correlation 
shadowing.
Parameter of 
equation (5.33)
Value extracted 
from measurements
md 1 .0
cd 0 .2
mi -0.6548
ci 1 .0
C2 0 .2
m3 0.2292
C3 1.4571
Table 5.3: Values of parameters for the macrocellular correlated shadowing model
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5.6 Effects of correlated shadowing on diversity and sys­
tem availability
In this section the effects of correlated shadowing are discussed for both picocell and 
macrocell.
5.6.1 Picocell environment
In order to compare the effects of correlated shadowing on a system simulation, the 
macroscopic diversity order is compared between a simulation using auto correlated 
shadowing and one employing both autocorrelated and cross-correlated shadowing. 
This type of analysis is useful in systems where the antennas are part of a distributed 
picocell system; in these systems all the base station antennas transmit the same infor­
mation to anyone mobile, so that hand-over does not take place when it moves within 
the building. This technology is also referred to as simulcast antennas [Ari96, Ho996]. 
The improvements on system performance offered by distributed antennas in the indoor 
environment are presented in chapter 6 . In this section, the macroscopic diversity order 
is analysed and it is shown how it changes when the cross-correlated shadowing model 
is taken into consideration.
The area under simulation represents the CCSR offices, six distributed antennas are 
employed for coverage of the floor. The wall loss factors, frequency and transmitted 
power are similar to those measured in the narrowband campaign for the Mobile-VCE 
campaign (section 3.2).
The macroscopic diversity order is defined as the number of base stations which cover 
a particular location, with a received power above a given threshold; in the simulation 
the threshold was -70dBW. The simulation was using the auto-correlated shadowing 
and was repeated with cross-correlation shadowing added.
The results of one realisation of the simulation are shown in figures 5.19(a) and 5.19(b). 
The colour shading represents the diversity order which can vary from 0 (i.e. coverage 
below minimum threshold) to 6 (i.e. the signal received for all 6 antennas is above the 
threshold). The two plots appear very similar, showing greater diversity order in the 
centre of the floor. This is due to the low path loss, which usually has the greatest 
effect on receiver power.
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(a) Without cross-correlated shadowing
(b) With cross-correlated shadowing
Base station diversity within the building
(c) Macroscopic diversity order statistics
Figure 5.19: Macroscopic diversity order within building
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Shadowing correlation effects are analysed by calculating the cdf of the diversity order 
on a number of realisations. Figure 5.19(c) shows the results of the simulation, it 
is noticed that in the ease of the simulation which does not employ cross-correlated 
shadowing, the values of macroscopic diversity are higher with respect to the case where 
cross-correlation is taken into account. This can be explained by the fact that path loss 
has a definite structure due to the walls. In the auto-correlated shadowing model, this 
symmetry has the greatest effect on diversity, whereas in the cross-correlated shadowing 
model macroscopic diversity depends on the relative position of all the receivers.
In figure 5.20 are shown two possible distributed antenna configurations in the CCSR 
office. In figure 5.20(a) the antennas are positioned near the central corridor on the 
office, whereas in figure 5.20(b) the antennas are located near the external walls of the 
building. In both cases the antennas are close to the position used in the indoor mea­
surement campaign. The simulation employs the indoor shadowing cross-correlation 
model described in this chapter.
The result of the simulations, shown in figure 5.21, suggests that in order to obtain 
high macroscopic diversity coverage, the antennas should be spreaded around the edges 
of the CCSR office. The range of performance estimates observed here is dependent on 
specific levels of path loss and shadowing correlation being present, this may not be the 
case in other buildings. However, the results suggest that antenna placement has major 
implication on system performance and as such is an important design consideration.
5.6.2 Macro cell environment
Figure 5.22 shows the resulting SIR for a macrocellular system of two base stations, 
where the mobile is served by one base station at all times. The simulation assumes 
two omni-directional antennas 1km apart, with a path loss exponent of 4, a correlation 
distance of 2 0 0 m and location variability of 9dB, as suggested by [Kli99] for rural 
environment.
The simulation in figure 5.22(a) assumes shadowing affected by auto-correlation, whereas 
figure 5.22(b) assumes the shadowing to be affected by both auto and cross correlation 
mechanisms.
For the first case, areas with high SIR values are randomly distributed within the plot, 
independently of the relative position of the interfering cells. This behaviour is not
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(a) Antennas centrally located (b) Antennas spreaded around edge of
floor
Figure 5.20: Possible antenna locations within CCSR
Base station diversity within the building
Base station diversity
Figure 5.21: Macroscopic diversity order for different antenna locations
what is expected of a typical communications system, where the SIR should decrease 
with distance from the serving cell. When the cross-correlation mechanism is added to 
the system a more realistic SIR distribution is achieved. Although, the distribution of 
high and low values of SIR is still random, figure 5.22(b) shows that SIR depends on 
the position from the serving base station it is higher near to a base station and varies 
randomly for locations where the angle difference is 90°.
88
Chapter 5. Correlated shadowing
SIR [dB], auto and cross correlated shadowing
(a) Without cross-correlated shadowing (b) With cross-correlated shadowing
Figure 5.22: Signal Interference Ratio in a macrocell environment
5.6.2.1 Availability simulation in the macrocell environment
The effects on the outage statistics of cross-correlated shadowing in the macrocellular 
environment can be simulated by employing 5 interfering GSM base stations from the 
macrocellular measurement described in section 5.5.
The position of each base station, together with the theoretical best power, is shown 
in figure 5.23. The path loss model was extracted from the measurements, the power 
calculation includes the antenna patterns and transmitted power of each base station.
From the best power plot it is possible to find the areas served by each base station with 
the received signal above a threshold (-115dB). Within these areas, the availability of 
service is found from the Signal to Interference Ratio at 90% of the locations. Figure 
5.24 depicts the availability of service when the propagation model depends solely 
on auto-correlated shadowing, on auto- and cross-correlated shadowing and when no 
shadowing is added to the path loss.
The results show a decrease in outage performance when cross-correlated shadowing 
is used in the simulation, the difference is of 4.1dB. Similar results where found by an 
analytical method by Graziano ([Gra78]). The difference between the cross-correlated 
shadowing and the pure path loss model is less than ldB.
It can be concluded that the auto- and cross-correlated shadowing models are a better
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Figure 5.23: Best power plot for macrocellular system
fit than the auto-correlated shadowing model. A pure path loss model is probably 
more appropriate for simple system design, where a slow fading margin is adequate to 
account for shadowing variations, although the full cross correlated model would be 
required for accurate results.
5.7 Summary of propagation model for simulating the In­
telligent Picocell
The model used for simulating the intelligent Picocell is shown in figure 5.25. In the 
figure it is assumed that the output from each model in in dB. The simulation of the 
intelligent Picocell assumed that the system frequency is 2.4GHz. The parameters of 
the model are:
Path Loss is described in equation 4.1. Walls and Floors Loss factors are found from 
the measurements analysed in chapter 3 (e.g. transmission loss for plasterboard 
is shown in figure 4.4).
Antenna Pattern Model : the antenna patterns of base stations and mobiles are 
assumed omni-directional.
Slow Fading depends on the following models:
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(a) Simulation (b) Detail
Figure 5.24: Availability for macrocellular systems
Location Variability Model is extracted from the measurements (see table 
4.2), at 2.4GHz <jl is 4.8dB for non-line of sight and 1.6dB for line of sight 
situation.
Correlation Distance Model is presented in section 5.3, and the correlation 
distance dc is 15m (table 4.1).
Cross-correlation Model is presented in figure 5.11; for the indoor environ­
ment, the empirical model is shown in equation 5.31, where P is 0.64.
Channel takes into account the following models:
Fast Fading is simulated by a narrowband fading channel with spectral variance 
equal to a classical Doppler spectrum (as described in section 4.5).
Polarisation Correlation Models is described in section 4.6. The correlation 
of fast fading is assumed to depends on the azimuth and elevation angle of 
the mobile respect to each base station antennas, as shown in equation 4.31.
5.8 Conclusions
The aim of this chapter is to propose a model capable of generating realistic shadowing 
profiles, which can be used for simulating communication systems. Shadowing effects in 
wireless systems postulate a zero mean log-normal marginal distribution for the fading 
signal power. The structure of the environment correlates the shadowing between base
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Wall Loss Floor Loss
Noise Model
Model
Figure 5.25: Propagation model used to simulate the Intelligent Picocell
stations and mobiles. Thus, two types of correlation are considered, one affecting a 
moving mobile the other affecting the co-channel interference between a wanted signal 
and other interferers.
In this chapter a shadowing generator model is presented, which employs uncorrelated 
Gaussian sources which are filtered to generate auto-correlated processes, following 
which a cross-correlated model is used to generate the shadowing profiles.
In order to generate a one dimensional auto-correlated shadowing profile, a one tap 
HR filter can be used. For two dimensional shadowing profiles two methods are sug­
gested, one employs an FFT which gives the optimal solution, however a sub-optimal 
solution, which is computationally less intensive, employs two HR filters in cascade. 
The maximum error achieved with this approximation was found to be acceptable for 
simulation.
The cross-correlation process employs the decomposition of a covariance matrix in 
order to find a set of weights, which are than used to correlate shadowing profiles. 
The covariance matrix is built from a cross-correlation model which is found from 
measurements.
As a results of three measurement campaigns, correlation models for the indoor, indoor
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to outdoor and macrocell environments were proposed. These models were used to 
analyse the effects of shadowing on the availability of a macrocellular system and on 
macroscopic diversity on a picocell.
By simulating a macrocellular system using: no shadowing correlation, auto-correlated 
shadowing and auto/ cross-correlated shadowing models, it was demonstrated that sys­
tem availability is significantly affected by the shadowing cross-correlation mechanism.
93
Chapter 6. The Intelligent Picocell Concept
Chapter 6
The Intelligent Picocell Concept
6.1 Introduction
This chapter describes a general set of requirements which are used to design an opti­
mised indoor communication system, known as the Intelligent Picocell.
There are a number of technologies available which can be used to meet the require­
ments, which can be combined to yield coverage and capacity in excess of that which 
can be obtained by any of them in isolation, particularly in the indoor environment.
The air interface of the Intelligent Picocell is specified along with a mathematical 
description of the spatial-temp oral channel model, which is the basis for the simulation 
in the next chapter.
Finally, this chapter describes the interference reduction techniques which are based on 
a distributed narrowband optimum combiner and a dynamic channel assignment and 
allocation scheme specifically designed for the Intelligent Picocell.
The Intelligent Picocell architecture is independent of the communication system and 
radio interface, but in order to make realistic assumptions, the air interface is simulated 
based on the specifications of the UTRA-TDD mode for the UMTS/WCDMA system.
6.2 Requirements for an intelligent system
Frequency reuse increases spectrum efficiency, but co-channel interference limits reuse 
[Lee94]. Frequency planning is used in outdoor (macrocell/microcell) environments
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in order to maximise reuse, but by reducing the cell size, as in an indoor (picocell) 
environment, the complexity and variability of the propagation channel increases. The 
indoor channel differs from an outdoor channel in a number of ways: the propagation 
characteristics in an indoor environment are subject to large variations, due to building 
layout, materials and traffic; the path loss varies dynamically and over short distances; 
the movement of objects and people makes the channel non-stationary in time and 
scatterers near the base station increase the angular spread [Sal87b]. In order to increase 
spectrum efficiency each picocell needs to deliver power intelligently. Within the scope 
of this investigation, the requirements of an ‘intelligent’ system are defined as:
Requirement 1: A system capable of tracking the mobile as it moves inside the build­
ing and of delivering localised power to the mobile (as proposed by [Lee94]).
Requirement 2 : A system which allows desired signals to occupy the same bearer 
channel as interferers.
In order to take into account the propagation variability of the indoor environment, 
a picocell should also be able to adapt its characteristics to make the best use of the 
channels and power available, so that if the propagation environment varies with time 
the system simply reconfigures itself appropriately. To these ends, a novel architec­
ture referred as the Intelligent Picocell is proposed. The Intelligent Picocell employs a 
number of existing techniques namely: adaptive antennas, Space Division Multiple Ac­
cess (SDMA), Dynamic Channel Allocation (DCA), diversity and distributed antennas. 
Each of these technologies are presented in the next section.
6.3 Technologies used in the Intelligent Picocell
Figure 6.1 shows the various components of the Intelligent Picocell: each Distributed 
Base Station (DBS) includes one Intelligent Picocell Base Station Controller (IP-BSC) 
and a number of Intelligent Picocell Modules (IPM) for transmitting and receiving 
to and from the mobiles. The IP-BSC includes the optimum combiner, the combining 
weight calculation algorithm and the dynamic channel allocation algorithm, in addition 
to all the functions common of conventional base station subsystems (coding, decoding 
etc).
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Figure 6.1: The Intelligent Picocell block diagram
6.3.1 Macroscopic diversity
The IPMs corresponding to one DBS may be deployed within a room, in different rooms 
within a building, on different floors and/or in different locations on the outside of a 
building, allowing coverage flexibility. Each IPM includes a link to the base station 
controller through an appropriate network, such distributed system can offers a high 
order of macroscopic diversity. The link between IPM’s to the network may be copper, 
radio or optical, each offers distinct advantages which will be discussed in the next 
chapter.
6.3.2 Distributed antennas
Employing a distributed radio communications system to provide coverage in the pic­
ocell environment improves the propagation channel experienced by the mobile when 
compared against a single antenna option. As shown in figure 6 .2 , the main advantage 
of a distributed system is that the distance from any antenna to the edge of the cell is 
lower than that for a single antenna system and as the path loss increases exponentially 
with distance, a saving in transmitted power is obtained. Figure 6.3 shows the time 
series of the path loss measurement set taken at the University of Surrey with the 6 
channel narrowband receiver already presented in section 3.2. The six receivers were 
positioned in different offices on the second floor of the CCSR building. The six solid 
lines in the graph represent the measured path loss from each of the receivers to the 
moving mobile. The dotted line represents the loss to be expected if the six receivers 
were used as input to a selection combining diversity system of a distributed architec-
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Figure 6.2: Single and distributed antenna concept
ture. The cdf of the measurements in figure 6.4, shows that even an “un-intelligent” 
system, such as selection combining, can improve the path loss on average between 5dB 
and 15dB depending on the position of the antenna with respect to the mobile path. 
Therefore, a distributed system allows the system planner to enhance coverage by lo­
cating base station antennas in areas which are shadowed below a minimum margin. 
Moreover, each mobile is more likely to be near to a base station antenna, reducing up­
link power and uplink interference, which is particularly important for CDMA systems, 
as it allows greater capacity to be obtained. For macrocell CDMA systems, multiple 
antennas have the advantage to increase both the number of the path branches and the 
delay spreads [Tok94], which increase the path diversity effects at the RAKE receiver. 
In a picocell with UTRA-TDD specifications the delay spread may not be large enough 
to obtain as many path diversity branches as on the macrocellular case. Nevertheless, 
since the mobile is more likely to be in a line of sight (LOS) condition with one or more 
antennas of the base station, there is an improvement in the narrowband and wideband 
fading. A study of the indoor environment, [Sal87a], found a reduction in the RMS 
delay spread and also that, near the base station antennas, the narrowband channel 
may be modelled with a Rice distribution, which has a better error-rate performance 
than a Rayleigh channel. However, on the outskirts of the coverage region, the chan­
nel has Rayleigh fading statistics, which will ultimately determine the limits of system 
performance.
The use of small cells may be undesirable from two points of view:
• the area covered by each cell, may be geographically too small to have sufficient 
users to justify the expense of a dedicated base station installation.
• users communicating while walking through the building would require continuous 
hand-over to new base stations.
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Figure 6.3: Path loss measurements with six receivers distributed in a building
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Figure 6.4: Cumulative Density Function of path loss
In order to take full advantage of a distributed system, many authors have suggested 
the use of systems where the radio signals are simultaneously broadcasted from all the 
transmitters within a group, such systems include leaky feeders described in reference 
[Sal87a, Bye88] and antenna simulcasting in [Ho996, Ari96, Har92].
6.3.3 Adaptive antennas
The signals received by the Intelligent Picocell from the different IPMs are used as 
input to an adaptive antenna system. The basic concept of adaptive antennas is that 
antenna beams can deliver power in a localised area, while the antenna pattern can
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be used to reduce or null the effect of interferers [Vee88]. A number of independent 
antenna elements are placed at different points in space to receive the same signal. The 
array provides a means of sampling the received signal in space, analogous to sampling a 
continuous waveform at discrete points in time. Therefore, signals which are correlated 
in time/frequency/code channel, but which are spatially separated, can be separated 
using adaptive antennas.
Classical beamforming techniques are used for antenna arrays in order to slide a main- 
lobe (or beam) toward the direction of the mobile, which is known or is estimated from 
the received signal. The beam pattern is equivalent to an FIR filtering process, which 
requires antenna separation of half a wavelength.
In order to make best use of the signals from each IPM, the Intelligent Picocell employs 
statistical optimum combining to calculate the weights. With optimum combining, also 
called statistically optimum beamforming [Vee88], the weights are chosen based on the 
statistics of the data received at the array. The aim is to optimise the beamformer 
response to increase the signal to interference plus noise ratio (SINR) [Hud89], where 
the noise is uncorrelated between branches and any signal which is correlated is regarded 
as interference. Separation performance in optimum combining is also significantly 
improved in an environment composed of severe multipaths [Sau99], because, at any 
instant, uncorrelated fading reduces the number of significant interferers which require 
nulling. In the Intelligent Picocell, the antennas are distributed inside the building, it 
is therefore expected that the fast fading on the paths is mostly uncorrelated.
Figure 6.5 shows a simulation at 900MHz, for a 4 receiver element adaptive antenna 
system, where the elements are positioned in the four corners of a room (symbol: x). 
A number of interfering mobiles (symbol: o) are kept stationary at random positions in 
the room, while a source mobile is allowed to sweep the room from the top left corner 
to the bottom right corner, the colour shades in the plot represent the calculated SINR. 
The simulation assumes that each antenna is omni-directional, with users transmitting 
at the same power level. The channel model is assumed to be dependent only on the 
position of each mobile with respect to each antenna element. For each point in the 
room, a new vector of weights (W ) is calculated employing the Wiener-Hopf solution 
as shown in reference [Win84]:
W  =  a • R -J  • s* (6.1)
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where R nn is the cross-correlation matrix of the interferer, s is the auto-correlation 
vector (propagation vector) of the wanted signal, a is a constant and the symbol * 
denotes conjugate of the vector. The SINR value is given by the ratio between the 
power of the wanted signal and the sum of interference and noise power as in [Lit96]:
c TNr}g j  S[|W Hs|2] W H R S S W  
*  U -  <jI ~  j5[|W h u|2] ~  W H  . R nn . W  ^
where R55 is the correlation matrix of the wanted signal.
The roughly symmetric pattern of SINR in the plot is due to the position of the array 
elements and low SINR values occur mainly near the interferers and in areas where 
interferers obstruct the view of one or more modules. By repeating the simulation 
with a different number of interferers, it is possible to compare the SINR cumulative 
distribution function of each simulation. The results shown in figure 6.6 demonstrate 
that the SINR decreases rapidly when the number of interferers exceeds the number 
of antennas. This is due to the fact that the system works by placing nulls in the 
proximity of the interferers and the number of nulls available to the optimum combiner 
depends on the number of antennas. However, as pointed out earlier in this chapter, a 
more complete channel model which includes uncorrelated fast fading would decrease 
the number of interferers to be nulled at any time and the adaptive antenna system 
will cancel the remaining interference.
In the case of the Intelligent Picocell, the weights of the adaptive antenna system are 
calculated in order to direct the signal towards the wanted mobile, as shown in figure 
6.7. As the IPMs can be positioned on different floors, as well as on the same floor, the 
radio beam can be considered as a three dimensional volume which follows the mobile 
as it moves within the building. The mobiles are essentially located in the near field of 
the distributed array formed by the IPMs, which allows the mobile to be tracked. In the 
downlink, the base station uses the antennas to transmit the information signal to the 
mobiles, such that the path that couples the signal to the mobile will be the same as the 
path available in the reverse link ([Pau97]). However the weights calculation is carried 
out at the base station before the signal is transmitted. The effects of transmitter 
beamforming is that the radiated signal is directional, therefore the beam pattern 
selectively weights the energy toward the mobile. The antennas weights are calculated 
so as to maximise signal levels while minimising co-channel interference (CCI) at each 
mobile. If any CCI originates from other base stations cells, then the forward link
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processing at the reference base station must reduce CCI to mobiles in other cells and 
likewise benefit from CCI-reducing efforts from other base stations.
The interference cancellation capabilities allow the Intelligent Picocell to make use 
of Space Division Multiple Access (SDMA). SDMA is a technique which enhances 
the capacity of a cellular system by exploiting the spatial separation between users 
[Bur97]: in the reverse link multiple applications of the combiner are used to optimise 
the performance with respect to each mobile; in the forward link the base station
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Intelligent Picocell
Figure 6.7: The Intelligent Picocell functional diagram
antennas send multiple signals through the propagation channel to several mobiles 
simultaneously. SDMA allows interferer signals and source signals to coexist inside the 
same cell, allowing reuse of the bearer channels.
6.3.4 Dynamic channel allocation
If the spatial separation between the mobiles is too small (i.e. the correlation is too 
large) for SDMA or the co-channel interference level on a bearer channel is too high, the 
Intelligent Picocell employs a Dynamic Channel Allocation (DCA) scheme in order to 
reallocate one or more mobiles to another bearer channel. By allowing any base station 
to use any channel available, DCA schemes can allocate resources where necessary, 
depending on the traffic conditions and capacity. The idea behind channel assignment 
algorithms is to make use of the radio propagation path loss characteristics in order 
to minimise the signal to interference ratio and hence to increase the radio spectrum 
efficiency [Kat96]. When adaptive antennas and DCA schemes are employed together, 
the number of traffic channels available depends on the propagation environment, the 
number of antennas and the number of channels handled by the system. Therefore, the 
Intelligent Picocell offers a reuse factor of less than 1, i.e. each bearer channel can be 
reused within the same cell.
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6.3.5 Microscopic diversity
Another technique, which takes advantage of the radio channel characteristics, is di­
versity, which exploits the random nature of radio propagation by finding independent 
(or highly uncorrelated) signal paths (branches) for communication [Sau99]. The basic 
principle is that when one branch is in a deep fade, one or more of the others may be 
used to recover the signal.
Ideal diversity assumes perfectly uncorrelated signals on the branches. In practice 
however, there is usually a degree of correlation between the signals, induced by the 
environment or the receiver antennas. The increase in correlation between branches 
reduces the overall diversity gain obtainable from the system, where the diversity gain 
is defined as the reduction on SNR at the output of the diversity combiner compared to 
that of a single antenna case that will maintain the same BER. It has been shown that 
if the correlation coefficient of two signals is less than 0.7, then reasonable diversity 
gain may be obtained from the system [Bre59].
In the Intelligent Picocell three types of diversity techniques are taken into considera­
tion:
Space diversity in which uncorrelated signals are generated at the receiver, by using 
spatially separated antennas in an environment with large angular spread of the 
multipath. At the high frequencies proposed for future communications systems 
and in the indoor environment, low correlation between elements can be achieved 
by positioning antenna elements a few centimetres apart. This approach also has 
the advantage that the received signals will have similar mean powers, maximising 
the diversity gain [Sau99].
Polarisation diversity takes advantage of the decorrelation between the horizontal 
and vertical polarisations of a signal. This arises due to the random reflection and 
scattering of the signal on its path between the mobile and the base station. Ref­
erence [Koz84] demonstrated that the multipath propagation environment decor­
relates the horizontal and vertical polarised signal almost completely and the two 
signals can be used for diversity. Polarisation diversity is used when it is im­
portant to minimise the antenna spacing. In fact with this diversity method the 
antenna radiation centres can be co-located. The disadvantage is that the mean 
power may not be the same for all elements.
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Multipath diversity is offered by wideband multipath propagation; the receiver ob­
serves a multiple copies of the transmitted signal, each with a different delay. 
The autocorrelation function of a pseudo-noise (PN) code used in transmission 
allows the receiver to resolve multipath components which are spaced from 1 chip 
period up to the symbol period. This provides a form of diversity, which can 
be exploited by using a RAKE receiver at the output of the code correlators for 
CDMA schemes ([Pri58]) or using a Viterbi equaliser for TDMA schemes. The 
use of RAKE receivers in the base station requires tight uplink power control, 
which is difficult to implement in a TDD system where the uplink is not continu­
ously available. Advanced data detection techniques have been proposed, which 
can be used in order to lower the effect of power differences between users. In the 
downlink, the intra-cell interference is suppressed by the orthogonal codes and 
the adaptive antennas, therefore the need for advanced detectors is lower than in 
the uplink [HolOO]. In systems complying to the UTRA-TDD specification, delay 
intervals of less than 0.26nsec cannot be separated at the receivers, thus in the 
indoor environment a RAKE receiver may not be as effective as in a macrocell.
By designing each antenna element to respond to a different polarisation and by spa­
tially separating each antenna elements (figure 6.8), the Intelligent Picocell optimum 
combiner can acquire the benefits of both spatial and polarisation diversity simultane­
ously.
6.3.6 Transmitter diversity
In systems like UTRA-TDD and UTRA-FDD the use of transmit adaptive antennas 
is restricted to the dedicated channels, where feedback from the mobile is available. 
On common channels, e.g. broadcast channels, which are not dedicated to specific 
users, techniques called Tx Antenna Diversity (TxAD) can be used instead. These 
diversity methods are not based on adaptive techniques, making them suitable also for 
fast moving mobiles. A number of methods have been proposed in the literature:
Switched Transmit Diversity: at any one time, only one branch is used to transmit 
the signal; this scheme can be combined with interleaving and coding to achieve 
greater diversity gain ([SteOO]).
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Delay Transmit Diversity: a signal is transmitted from all the antennas, but each 
branch applies a different delay. The delay is chosen to be large compared with 
the maximum detectable separation of different multipath of the propagation 
channel.
Code Diversity: each antenna transmits the signal modulated by a different spread­
ing code. A more complex channel estimator and data detector at the mobile is 
used to take advantage of this scheme.
Phase Alignment Transmit Diversity: the phase of one of the adaptive antennas 
is adjusted such that multiple users’ signals are jointly optimised. This scheme 
was proposed in reference [CloOO] for TDD systems.
Space Time Transmit Diversity: employs block mapping of the data symbols. The 
mobile receiver employs the knowledge of the particular symbol mapping as a 
means of diversity. This technique was first described in [Ala98j.
In the UTRA-TDD specification [3GP00] downlink transmit diversity is optional; in the 
case of the Primary Common Control Physical Channels (P-CCPCH), a type of Space 
Time Transmit Diversity (STTD) called Block STTD is employed. The use of downlink 
adaptive antenna which employs some form of feedback techniques is called Transmitter 
Adaptive Antenna (TxAA). In UTRA-TDD, the midamble received from each mobile
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is used to estimate the channel. Before retransmission, the base station estimates the 
weights that should be applied to each user in order to maximise the mobile received 
power. The weight vector to be applied to the transmitter is the weights W  that 
maximises the following function [3GP00]:
max{W* • H* • H • W } (6.3)
where H =  ]» the column vector hi represents the estimated channel impulse
response for the ith transmission antenna and the symbol * represents the Hermitian 
transpose. The optimum value for the weights W  is the one which maximally combines 
the contribution of each antenna, which is simply the complex conjugate of the channel 
[3GP99]. This criterion maximises the signal to noise ratio.
6.4 Architecture of the Intelligent Picocell
This section specifies the air interface, the coverage and capacity enhancement tech­
niques proposed for the Intelligent Picocell. The specifications of the Intelligent Picocell 
are based on the specification given by the 3GPP  project for the UTRA-TDD mode 
of the W-CDMA for the UMTS cellular system [ETSOO]. The reason for this choice is 
that both the Intelligent Picocell and the UTRA-TDD systems are particularly suitable 
for coverage of small cells, with low power operation and slow moving mobiles. The 
physical parameters employed for the Intelligent Picocell, common to UTRA-TDD, are 
summarised in table 6.1:
6.4.1 Duplexing scheme
The Intelligent Picocell can, in principle, work both with Time Division Duplex (TDD) 
and Frequency Division Duplex (FDD). Employing TDD permits the exploitation of the 
reciprocity between uplink and downlink channels, which by using the same frequency 
are subjected to the same fast fading characteristics. Therefore, the channel estimation 
during transmission can be based on the estimation of the channel of the received signal. 
Knowledge of the fading characteristics can be also utilised to calculate power control 
and the adaptive antenna weights.
An important consideration is related to the time variability of the channel, which 
should not change over the time of one burst or a frame. This is related to the ratio of
106
Chapter 6. The Intelligent Picocell Concept
Table 6.1: Physical layer key parameters assumed for Intelligent Picocell
Timeslot duration 0.6667msec
Frequency 2.4GHz
Chip Rate /  Bandwidth 3.84MHz
Spreading Factor 1...16
Duplex method TDD
Detection based on midamble
Power control Uplink: open loop 
Downlink: closed loop
Channel Allocation Fast DCA
the burst time to the coherence time of the channel, which is function of the Doppler 
spread and velocity of the user. Thus the applicability of transmit-receiver diversity 
for the reciprocal channel is limited to communication between slowly moving termi­
nals. As the Intelligent Picocell is a system designed for indoor environment, it can be 
assumed that this condition is met.
Time Division Duplex creates special needs for synchronisation. In UTRA-TDD, time 
misalignment of different cells is built into the system to allow the distinguishing of 
several cells within one timeslot, but this requires synchronisation between different 
base stations. Due to the fact that all modules of an Intelligent Picocell system are 
simultaneously employed to provide coverage for each mobile (SDMA), synchronisation 
within one system is not needed. Synchronisation between Intelligent Picocell systems, 
covering other floors or different buildings, may be required depending on the floor or 
building isolation to outside interference.
An important advantage of employing a TDD scheme is the possibility of changing the 
duplex switching point and moving capacity from uplink to downlink, or vice-versa, 
depending on the capacity requirement, allowing an asymmetric capacity allocation.
6.4.2 Access scheme
The Intelligent Picocell architecture can be employed in systems with Time Division 
Multiple Access (TDMA) schemes like the DECT system or systems which employ time
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division code division multiple access (TD-CDMA). As shown in figure 6.9, in such 
systems different users are separated in both time and code domain, greatly increasing 
capacity. In order to estimate the propagation channel a training sequence (midamble) 
is transmitted within each burst. In UTRA-TDD the midamble is specified to be the 
same for each mobile.
CodeN [ r  I !
Code 2 
Code 1 MA MA=midamble
t=k+0 t=k+l t=k+2 t=k+3 t=k+12 t=k+13 t=k+14
0.666m sec
10msec
Figure 6.9: Frame structure of UTRA-TDD
6.4.3 Data detection and system model
Figure 6.10 shows the structure of the Intelligent Picocell receiver. Each antenna re­
ceives the sum of the contributions of the signals from all the mobiles, modulated by 
the fading channel. An optimum combiner, which is described in the next section, is 
used to improve the SINR of the wanted mobile. Subsequently, the signal is passed 
through a despreader or IF decorrelator, which multiplies the signal by the wanted 
Pseudo-Noise (PN) sequence. Finally, the RAKE receiver calculates the optimum so­
lution of the wideband demodulator problem with Maximum Ratio Combining (MRC) 
multipath diversity, which equalises the phase characteristics of the radio channel and 
performs combining of the amplitude of the radio channel of every path.
The block diagram shown in figure 6.11 shows the system model of the Intelligent 
Picocell and it describes the system parameters. The signal input sequence S{(t) of the 
zth user is given by:
oo
s i(t )=  X  OijUrAt-iTi) (6-4)
j = — OO
where is the symbol of the input sequence {fijj} of the zth user at the instant jTd, 
Td is the duration of a bit input sequence and the chip rate J is given by
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s ig n a l
Figure 6.10: Structure of the Intelligent Picocell receiver
Figure 6.11: Spatial-temporal channel model
The ith (i =  0,1, •••,! — 1) user’s spreading sequence signal Ci(t) is given by:
oo
Ci(i ) =  £
j — — OO
(6.5)
where q j  is the symbol of the spreading sequence { q j }  assigned to the ith user at the 
time instant jTc, Tc is the duration of a chip in the spreading sequence and Utc is the 
unit rectangular pulse defined as Ux(t) =  1 for 0 < t < T and Ur(i) =  0 otherwise. 
Therefore, the ith user’s transmitted signal Xi(t) is given by:
(6.6)
As shown in the model in figure 6.12, the channel between each mobile transmitter 
and each base station receiver antenna is characterised by a finite impulse response 
given by:
hi,a,k(t) =  ai,aPi,a,kd(t ~  tk) e ^ ^ k for(k  =  1,2...K) (6.7)
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where
• K  is the number of taps due to the spreading of the transmitted signal, the 
bandwidth of which is much wider than the coherence bandwidth of the multipath 
fading channel [Roo98]
• ctita is the path loss between each transmitter (z) and each receiver (a), which 
includes the antenna pattern and interconnection loss
• A,o,Jb is ^ e  Rayleigh distributed random path gain
• (j)^ a,k is the random phase uniformly distributed between [0, 2zr)
• S(t — tk) represents the Dirac unit impulse at t =  t^ .
Figure 6.12: CDMA temporal channel model
The convolution of the transmitted signal xfit) and the impulse response h i^ {t)  rep­
resents the signal received by each antenna, it is given by [Koh98]:
/ oo hi,a,k (r)X ita (t -  r) e~32nfc^  dr (6.8)
-oo
where f c denotes the carrier frequency and & denotes the deviation due to asynchronous 
timing, which generates CCI (co-channel interference). The reverse link of a CDMA 
system is usually asynchronous, in the sense that the arrival times for each user’s code is 
different. This restricts the number of users that can simultaneously access the channel, 
because it increases the correlation between spreading sequences of the desired signal 
and the interfere! users [Koh95]. For simplicity, in the simulation it is assumed that 
synchronisation for all users has been achieved, i.e.:
& =  0; for(i =  0 ,1 ,...,/ -  1)
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The set of optimum weights Wa to be applied to the adaptive antenna system is cal­
culated from the estimated channel for each interferer mobile. Therefore the output of 
the optimum combiner is:
A - 1
=  X  (*) (6.9)
a=0
where A is the number of antennas of the Intelligent Picocell.
Finally, the wanted signal Si(t) is calculated by applying the complex conjugate of the 
estimated wideband channel X ^ :
I( - 1
§i(t) =  Xi■ (6-10)
k = 0
where k is the number of wideband taps. Instantaneous measurements of SIR can be 
carried out by calculating the power of the received signal Si(t) for all the mobiles.
6.4.4 Interference reduction techniques
In order to maximise the computational efficiency of the interference reduction process, 
the Intelligent Picocell employs one narrowband optimum combiner in a wideband 
receiver. The optimum combiner maximises the sum of the complex impulse responses 
per antenna. Figure 6.13 shows the block diagram of the process 1. The wanted 
mobile and the interferers are modulated by the propagation channel and the signal 
received by the antennas is summed over the complex impulse response, generating a 
narrowband signal, with Rice statistics. The narrowband signal is used to calculate the 
weights of the optimum combiner, note that one set of weight is calculated for each tap. 
Although this is a sub-optimal solution to a wideband space-time combiner [Koh98], it 
is computationally fast. In chapter 7 it will be shown that substantial advantages in 
terms of power and capacity are offered by the proposed architecture.
The criterion used for the antenna weight calculation is the Maximum Signal to Inter­
ference Ratio, first proposed by Monzingo and Miller [Mon.80]. With this criterion, both 
interference from other mobiles and noise are minimised by following the condition:
W H • Rs • W  /C11,m axTYTiJ —— (6.11) w W H • Ri • W  v '
1 Patent filed.
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Figure 6.13: Block diagram of the narrowband optimum combiner
where R s is the correlation matrix of the source signal and Ri is the correlation matrix 
of the interferers signals and noise. The optimum weight that maximises equation (6.11) 
is the eigenvector associated with the maximum eigenvalue of the matrix Ri-1 • Rs 
[Lit96]. So, the maximum eigenvalue Amaa, is also the optimum value of SINR. In terms 
of optimum weights, equation (6.11) can be rewritten as:
R.S • w op, = SINR  • R r 1 • W 0Pi (6.12)
Equation (6.12) is the Maximum Signal to Interference criterion of the Wiener solution,
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which can be rewritten as:
Wopt =  0 • R r 1 • v (6.13)
where v is the propagation vector of the wanted signal and /? is a scalar gain. By- 
assuming that the transmit and receive time slots are separated by less than the coher­
ence time, the same weights calculated for the uplink adaptive antennas can be reused 
in the downlink.
6.4.5 Transmit power control
Ideally, in CDMA systems, all signals transmitted from all users must be received 
with the same power level, otherwise the transmission performance is degraded due to 
increased Multiple Access Interference (MAI) from other users. To overcome the near- 
far effect, i.e. the power variations due to distance dependent path loss and shadowing, 
Transmit Power Control (TCP) can be used. In UTRA-TDD two types of power control 
are used: a fast power control mechanism is used to track the instantaneous changes 
of power due to long term average path loss and interference and a higher layer outer 
loop power control mechanism is used, which sets a target SNR. This target value is 
used for optimisation at system planning level to reduce co-channel interference from 
neighbouring cells.
The distributed architecture of the Intelligent Picocell makes the system particularly 
susceptible to the near-far effects because the signal received by each Intelligent Picocell 
module is affected by different shadowing profiles. It is proposed that, to increase 
capacity and minimise each user’s transmitted power, a power control scheme based on 
the combined base station Signal to Noise Ratio (SNR) is implemented. This method 
has the advantage that the power control is not dependent on the distance between the 
user and any particular receiver, but it is based on the combination of all the signals.
The power control method, used to simulate the Intelligent Picocell, is based on the 
one specified in reference [3GP00] for the UTRA-TDD system; in the downlink a closed 
loop method is used and the reciprocity of the channel is used for open power control 
in the uplink.
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6.4.6 Dynamic channel allocation
In order to manage frequency, timeslot and code resources, systems such as UMTS 
employs two types of Dynamic Channel Allocation:
Slow D C A : allocates resources for transmission to cells. Slow DCA is used to dynam­
ically allocate resources in the network in order to speed up handover between 
neighbouring cells and to minimise interference. Slow DCA is also required to 
provide a list (matrix) of resources which will be used by the fast DCA process.
Fast D C A : allocates resources to bearer services. Multirate services are allocated by 
pooling resources in code domain, in time domain or both. The number of codes 
is dynamic and depends on the channel characteristics, environment and system 
implementation.
Monitoring and supporting of DCA is carried out by both mobile and base station; fast 
DCA is terminated at the base station and slow DCA is terminated at the network 
layer.
In order to manage the available resources and to increase the capabilities of the adap­
tive antennas to lower the level of co-channel interference, the Intelligent Picocell re­
quires a fast DCA scheme. However, slow DCA is not required because the area of 
coverage of a picocell is delimited by the physical characteristics of the building and 
the picocell functioning is independent of other networks.
The algorithm proposed for the Intelligent Picocell employs a simple procedure for both 
channel allocation (the user changing bearer) and initial channel assignment for new 
users trying to access the system. The algorithm decides which user needs to handover 
based on the running local mean of past SINR samples, where each sample represents 
an SINR measurement per timeslot.
The number of SINR samples is set comparable to the shadowing correlation distance 
of the signal, thereby avoiding an excessive number of channel reassignments. A new 
user does not require channel reallocation until enough samples are stored.
The flow chart of the proposed DCA scheme 2 is shown in figure 6.14. The process is 
divided into three sections:
2 Patent filed.
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Figure 6.14: Flow chart of channel allocation and assignment algorithm
User sorting: (blocks in bold) sorts the user list for users requiring channel allocation 
and users requiring channel assignment. Channel allocation takes priority over 
channel assignment because, from the point of view of a user, a dropped call has a 
more negative impact than a blocked call on the overall network quality of service. 
When sorting users, which require channel allocation, highest priority is given to 
the users with the worst (i.e. lower) SINR. This because, in an indoor environment 
where SDMA is employed, a low SINR may indicate that the distance between 
users is too small to be resolved by the adaptive antenna system, therefore by 
removing the worst user from a particular channel bearer, it is likely that other
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users will benefit from the improved interference situation and they may not need 
reallocation.
Channel allocation : (blocks with dotted lines) checks the channels until a channel 
with an SINR higher than a threshold is found. Non-idle channels are checked 
first, which can give advantages, as the interference reduction is carried out by 
the SDMA scheme and free channels can be kept available for quick assignment 
to the new user. From the point of view of the channel allocation process, channel 
allocation and channel assignment are treated in the same way.
Channel estimation: (outlined blocks) the SINR of each user on a channel bearer is 
calculated and compared with a threshold value or with the SINR metric defined 
earlier. If the SINR value is greater than the threshold, the channel is assigned 
to the bearer, otherwise SINR is tested on another channel. If a user was unsuc­
cessfully tested on all the channels the call will be dropped. The SINR of every 
active user is updated every time the algorithm tests a bearer channel. In the 
case where a channel has not been updated, the algorithm will calculate the SINR 
of the remaining users.
The SINR threshold is a value which depends on different parameters, many of which 
cannot be accurately defined. Therefore, it is suggested that the specific value of 
SINRthr is calculated from the final bit error rate (BER) statistics measured at the 
output of the decoder. Updates are made to the threshold value according to the 
observed relationship between BER and SINR for a given user and service. The SINR 
of users needing channel allocation is tested on each bearer until a value greater than 
a threshold SINR is found and the user is assigned to the bearer or the call is dropped.
6.5 Conclusions
In this chapter the aims and requirements of the Intelligent Picocell were presented, 
along with the technologies which are proposed in order to meet those requirements. 
The Intelligent Picocell is a distributed adaptive antenna system, diversity is also used 
in order to obtain maximum benefit from the indoor radio propagation environment. A 
channel allocation is proposed which allows optimal sharing of the resources available 
to the users.
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The duplexing scheme proposed for the Intelligent Picocell air interface is a Time Divi­
sion Duplex mode, which allows the exploitation of the reciprocity between the uplink 
and downlink channels. This reduces the computational power required to calculate the 
adaptive antenna weights for the uplink and downlink channels. As in UTRA-TDD, 
the proposed access scheme is TDMA, with a midamble transmitted for each burst. 
This is required for the channel estimation at the base station.
The Intelligent Picocell receiver employs adaptive antennas and a wideband modulator, 
the channel can therefore be described with a Spatial-Temporal Channel Model. A sub- 
optimal solution to a wideband space-time combiner is presented, which is subsequently 
used in the next chapter for simulating the Intelligent Picocell.
Finally, the dynamic channel allocation algorithm is described. The algorithm was 
specifically designed for a system which employs adaptive antennas and SDMA.
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Chapter 7
Evaluation of the Intelligent 
Picocell
7.1 Introduction
This chapter describes the approach used to simulate the overall performance of the 
Intelligent Picocell. The software includes the propagation model and a channel model, 
the parameters of which were found in the analysis of measurements presented in the 
previous chapters.
The results of a physical layer simulation are discussed, showing the gains in power and 
capacity obtained with the Intelligent Picocell.
Finally, the relative costs of the Intelligent Picocell and a GSM system are compared. 
This cost assessment was carried out as part of the Mobile-VCE project, where the 
relative costs of a GSM base station were agreed by the industrial members.
7.2 Simulator for the Intelligent Picocell
The approach devised for designing the simulation platform was derived from the simu­
lator used for the Mobile-VCE project described in reference [SauOO]. In the project, the 
simulation procedure was split into two parts: a physical layer and a system simulation. 
Normally, link simulations are carried first to assess the performance of the physical 
layer and to provide the mapping functions required for the system simulations, which
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then produce capacity and spectrum efficiency figures. The approach chosen here is 
similar to reference [01o97], Here the mapping function is the raw BER calculated at 
link level as a function of the instantaneous SINR (i.e. not averaged over fast fading). 
At system level, these mapping function can be used to produce a quality measure. 
The procedure can be summarised as:
• the SINR is calculated for each time-step and is mapped to the corresponding 
raw BER.
• the mean values and the variance of the BER samples are used to derive a decoded 
BER or FER (Frame Erasure Rate).
The time-step at system level is chosen small enough such that the channel does not 
fluctuate significantly between two samples, but at the same time it should be not too 
small so as to avoid very long simulation time. The advantage of this complex mapping 
is that it is possible to account for techniques such as power control and frequency 
hopping in the system level platform; this method does not requires a previous link 
level simulation to estimate the effects of those techniques.
7.2.1 Propagation model
A central feature of the simulator is the propagation model. The physical environment 
chosen to simulate the power and capacity gains offered by the Intelligent Picocell 
was the representation of a realistic environment, which had been subject to extensive 
narrowband and wideband measurement campaigns ([FiaOOd] and [JonOO]). Simulation 
parameters such as wall loss factors, shadowing location variability and correlation 
distance were extracted from the measurements in chapters 3 and 4.
The building is a modern office, built in 1997 with rooms on both side of a main corridor, 
the internal walls are made of plaster-board and glass and the open plan offices have soft 
partitions 2m tall. The Intelligent Picocell Modules are positioned inside the building 
without an optimisation process in the specific position of the antennas, apart from 
satisfying the requirement of offering an adequate macroscopic diversity order. Figure
7.1 shows the positions of the antennas of the Intelligent Picocell for 12 modules. It is 
assumed that a “super-user” , for which the propagation profiles are calculated, walks 
at a speed of 3km/h from the entrance to the right of the building, enters in a room
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Transmitter route
Figure 7.1: Plan of the simulated environment with antennas position
and walks down the corridor as shown in figure 7.1. A variable number of interfering 
mobiles are randomly positioned inside the building for SINR calculations.
The propagation model used to calculate the path loss between each antenna and 
the users, is the physical-statistical model described in section 4,2. Wall loss and 
the parameters for the statistics of shadowing used in the simulation were extracted 
from measurements. The results of two propagation simulations are shown in figure
7.2, which shows the best power plot (i.e. the maximum power level available at each 
location) for 12 Intelligent Picocell Modules in the CCSR offices. Figure 7.2(a) shows 
the path loss, which takes into account the free space loss and the loss due to walls, 
the second figure (7.2(b)) shows the results of including the auto- and cross-correlated 
shadowing effects discussed in chapter 5.
7.2.2 Channel model
The channel model describes the path between each transmitter and receiver of both 
mobiles and base station antennas. The channel model takes into account the loss 
due to fast fading, which depends on the radio characteristics of the signal, such as 
short term fading, bandwidth and correlation model for polarisation. A block diagram 
of the channel model employed in the simulation is shown in figure 7.3. Short-term 
narrowband fading is generated by filtering a Gaussian random sequence with a classical 
filter, as described in section 4.5. The wideband channel is simulated by employing 
the model used in reference [ETS97], which was developed for evaluating candidate
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(a) Path loss
Best power plot, (path loss and shadowing) [dBW]
(b) Path loss and shadowing 
Figure 7.2: Propagation results
Figure 7.3: Block diagram of channel model
technologies for the third-generation of the UMTS European system. The relative mean 
power of each tap is given in table 7.1. As the chip rate for UTRA-TDD is 3.85Mcps
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the minimum resolvable delay path is 260nsec. Therefore at the RAKE receiver, only 
two paths are detected, one is composed of the sum of the first 4 delay paths, the other 
is the sum of the remaining paths.
Table 7.1: Indoor office test environment wideband channe
Tap n. 1 2 3 4 5 6
Power [dB] 0.0 -3.0 -10.0 -18.0 -26.0 -32.0
Relative Delay [nsec] 0 50 110 170 290 310
parameters [ETS97]
7.2.3 Simulation time-step
The mobile and base station receivers sample the channel once per timeslot. In order 
to speed up the simulation, it was assumed that the mobile employs the multiple- 
switching-point frame structure defined in UMTS, i.e. each timeslot in the frame is 
used for uplink and downlink alternately (see figure 7.4), therefore the mobile and base 
station received one sample every 1.333msec.
CodeN
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u d U U d U
t=k+0 t=k+l t=k+2 t=k+12 t=k+13 t=k+14
0.666msec
u=uplink
d=downlink
time
Figure 7.4: Simulated channel structure
7.3 Software implementation of the Intelligent Picocell
In this section, two models for the uplink and downlink Intelligent Picocell are de­
scribed.
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7.3.1 Uplink channel
Figure 7.5 shows the signal processing designed to simulate the reverse link of the 
Intelligent Picocell. The scheme supports a user in the uplink channel and it can be 
repeated for every user in order to simulate an SDMA system.
Figure 7.5: Flow chart for reverse link SINR estimation
The input signal at the optimum combiner is the contribution between all the interfering 
mobiles and the fading channel. It can be expressed as:
M
X nftr) =  ^ 2  Sm(t) • hm>n(t,r) (7.1)
m=1
where n denotes the antenna element number, M  denotes the total number of mobiles 
on the same bearer channel and Sm(£) is the transmitted signal from each mobile. The 
wideband input response of the channel between each mobile and each antenna element
is denoted with the matrix hmjI1(i, r), where r is the wideband tap number.
In order to calculate the antenna weights, the wideband input signal is combined into 
a narrowband signal xn(i), where:
T
x n(t) =  ^ x n(t,r) (7.2)
T — 1
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T is the total number of taps of the wideband input channel response. As the impulse
response of each path is not in phase with the others and each component has a Rayleigh
or Rice distribution, the distribution of xn(£) is Rayleigh.
The narrowband adaptive weights are calculated from the Wiener solution:
W „c(i) = R * * -1(t)-u (t) (7.3)
where R*x is the cross-correlation matrix of the estimated channel and u is the auto­
correlation vector of the narrowband signal x n(t, t ) .
The weights are applied on the wideband received signal, as:
x(£, r) =  W oc(t) • xn(£, r) (7.4)
Maximum ratio combining (MRC) path diversity is used as the diversity method in the 
RAKE receiver. The weights (W rake) are calculated as:
W rake(t, r) =  (7'5)
where the * represents the complex conjugate and P n denotes the noise power vector, 
which allows the system to have a different residual interference level for each tap.
The channel noise power depends also on the type of service required by the user, the 
SINR at the receiver is calculated as:
SINR =  ^  r- -  ^  — r  (7.6)
/  .  \ /  ,  \ =(kTP0C +  (kTPoc +   ^ * Sp
where S and I  are the source user and interference signal powers, R is the bit rate, k is 
the Boltzmann’s constant, T  is the absolute temperature, Bw is the channel bandwidth,
Poc is the power of the optimum combiner weights and Sf  is the spreading factor for
the service required by the super user, which is equal to:
Sf  =  ^  (7.7)
The source signal power S (t) is estimated as:
S(t) =  (| a (i,r )-W  rake (%■> T ) l )2 (7-8)
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Figure 7.6: Flow chart for forward link SINR estimation 
7.3.2 D ow nlink channel
Figure 7.6 shows the signal processing designed to simulate the forward link of the 
Intelligent Picocell. As in the reverse link, the channel noise power depends on the 
type of service required by the user, but as the mobile is assumed to have only one 
receiver, the SINR at the receiver is calculated as:
S I N R  =  7 S- r- \ ~ l T  (7'9>
The noise power in the downlink model is lower than that in the uplink; this is due to 
the adaptive antenna weights which, in the uplink, are situated after the receiver and 
in the downlink, are situated before it.
The power control weights, which are fed back by the mobile, are inversely proportional 
to the SNR at the output of the RAKE receiver:
K s w m  (7-10)
As the channel allocation process in the Intelligent Picocell is centralised, the system 
can optimise the use of the available bearer channels. Each bearer may be on different 
frequency or different spreading codes.
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7.4 Performance analysis
The technologies employed in the Intelligent Picocell are aimed at reducing transmitted 
power and increasing the maximum number of users (capacity). In order to test the first 
aim, the Intelligent Picocell is compared to a standard distributed antenna system. It 
employs the same antennas and the same receiver architecture as the Intelligent Picocell, 
but does not include the narrowband optimum combiner. The output of the combiner 
is the power sum of the signal received by each antenna.
Figure 7.7 shows the result of the simulation. The power is calculated as the mean 
transmitted power required by the mobile in order to obtain an acceptable SNR at the 
output of the base station RAKE receiver. The SNR used for the simulation is the 
mean SNR for a mobile receiver, which produces a minimum BER of 10-2 for 99.9% 
of the time in a Rayleigh channel and assumes that the mobile produces an acceptable 
BER when the instantaneous SNR is 9dB. An SNR value of 29dB is found from the 
distribution of SNR for a Rayleigh channel [Sau99].
By increasing the number of the receiver antennas within the building, the power 
required by the mobile diminishes, due to the macro-diversity effect offered by the 
distributed antennas, which makes the probability of the mobile being near to a receiver 
antenna more likely. The lower power required by the Intelligent Picocell is due to the 
narrowband optimum combiner which maximises the received power.
Power comparison for SNR=29dB
Figure 7.7: Power simulation results
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Capacity was defined for the Intelligent Picocell as the average number of mobiles 
which can access the system simultaneously, as used by [Cox71]. Capacity depends on 
the number of modules distributed inside the building, which represent the degrees of 
freedom of the Intelligent Picocell. In this context, degrees of freedom is equivalent 
to the number of unconstrained or “free” antenna weights that can be used to form a 
beam.
During the simulation it was also found that the Dynamic Channel Allocation algorithm 
was more efficient at allocating mobiles when the number of channels available was 
greater than 2.
As the maximum number of calls that can be supported by the system varies due to 
changes in the interference landscape, the capacity simulation calculates the average 
number of calls when the offered load exceeds the actual load. Figure 7.8 shows the 
capacity result for the Intelligent Picocell. The number of mobiles is shown to increase 
linearly with the number of Intelligent Picocell Modules, but it was found that, for 
numbers of modules greater than 10, the capacity did not increase as much. This may 
be due to the fact that the signal received by antennas far away from a wanted mobile 
is below the noise level, therefore the number of degrees of freedom available to the 
optimum combiner is lower than the number of available antennas. It is concluded that 
a trade-off between minimum transmitted power and capacity needs to be achieved in 
order to optimise the performance of the Intelligent Picocell.
Capacity
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Figure 7.8: Capacity simulation results
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7.5 Cost analysis
The Mobile-VCE project required a break down of the costs of the technologies involved. 
To provide a reliable way of comparing the price of a new technology with other systems 
the costs of the Intelligent Picocell is broken down into its main components and is 
compared with the costs of a GSM system. Moreover, as the production and selling 
price are often very different and usually undisclosed, all costs are relative to the price 
of a GSM mobile.
In order to breakdown the costs of the Intelligent Picocell, the handset, the base station 
and the interconnect network are analysed separately. It is also assumed that the Intel­
ligent Picocell architecture is based 011 the third generation UTRA-TDD specifications.
7.5.1 Handset costs
The user terminal for the architecture includes those functions which are common for 
third generation CDMA systems. Figure 7.9 shows the block diagram of the handset. 
It is assumed that the channel estimation, the RAKE receiver and the spreader are 
extra costs with respect to the standard GSM handset. Whereas, the RF hardware 
can be assumed to have the same basic price as a GSM system, except for the power 
amplifier, which requires extra cost to provide sufficient linearity. As shown in table
7.2, it is concluded that the handset may cost up to 30% more than a standard GSM 
handset.
Figure 7.9: CDMA user equipment block diagram
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Category Function GSM
costs
IP
cost
Notes
Antenna 0.01 0.01
Tx/Rx switch 0.01 0.01
ADC/DAC IF sampling 0.1 0.12 20% increase due 
to increased 
sampling rata
RF
hardware
Rx: RF amplifiers 
and RF filters,
Tx: RF amplifiers 
and synthesisers
0.3 0.4 33% increase due 
to linearity of 
power amplifiers
Digital
Hardware
Interleaving, 
channel estimation, 
channel coding, 
RAKE, encryption
0.3 0.45 50% increase due 
to increased DSP 
complexity
Control
Hardware
0.1 0.1
Power Battery 0.1 0.11 10% increase due 
to increased DSP 
complexity
Others Display/Keyboard 0.08 0.1
Total cost 
of system
1.0 1.30
Table 7.2: Breakdown costs for handset in GSM units
7.5.2 Base station transceiver costs
Figure 7.10 shows the block diagram of an Intelligent Picocell CDMA base station. The 
TDD-CDMA part and the distributed architecture makes the cost of the base station 
very different to that of a single GSM base station.
The Intelligent Picocell employs a number of distributed antennas to cover the indoor 
environment. Each antenna needs an RF stage as well as an analogue to digital con­
verter. The power transmitted by each antenna is lower with respect to a GSM base
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Figure 7.10: CDMA base station block diagram
station, which in turn makes the price of critical RF components cheaper.
The optimum combiner requires increased computing power in order to calculate the 
weights for each user, it employs the signal received from all the antennas. It is expected 
that this may be the highest cost to be incurred in the Intelligent Picocell. On the other 
hand, ” Moore’s Law” , which predicts a doubling of computing power every 18 months, 
is expected to lower these costs over time, together with potential economies of saving 
from the large number of identical Intelligent Picocell modules needed.
In the case of a GSM base station, channel allocation is handled by the Base Station 
Controller, which is not part of the Base Station Transceiver (although they are often 
resident in the same cabinet or on the same board). In the case of an indoor picocell 
system, the channel allocation algorithm is integral to the SINR reduction functions, 
so it cannot be ignored in the cost analysis. Another important factor which increases 
the costs of an Intelligent Picocell base station with respect to a standard GSM base 
station is that many users employ the bearer channel at the same time (space division 
multiple access), which will require that the base station is capable of handling several 
calls at any time. All this will increase the costs in computing power of the Intelligent 
Picocell.
The main use of the Intelligent Picocell is as an indoor PBX or W-LAN (Wideband 
LAN) system. The maintenance costs are kept to a minimum due to the fact that, 
due to the distributed architecture and dynamic channel allocation, enhancing capac­
ity and coverage inside a building is achieved via a type of plug and play operation. 
Extra modules can be added, avoiding the need for complex, expensive and sub-optimal
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frequency planning and network optimisation.
When installing an indoor wireless communication system, the major costs to be taken 
into account are the installation and commissioning.
The installation of the Intelligent Picocell module is not expected to be more costly 
than installing a new telephone (or Internet) point in a room. The IP-BSC (base station 
controller) can be located anywhere in the building. As examined in [Fia98a] a number 
of solutions can be used in order to distribute the signal to the Intelligent Picocell 
Modules. As shown in figure 6.1, the Intelligent Picocell Network (IP-N) creates the 
interconnections of the Intelligent Picocell. Options suggested for the IP-N are shown 
in figure 7.11.
In figure 7.11(a), each module includes an RF stage (with power amplifier and filters) 
and an A/D and D /A for communicating with the network. Communication with 
the base station may be through copper wires or by optical fibres. The advantage of 
this implementation is that each component can be found ” off the shelf5. The disad­
vantage is the high costs of each module and the requirement for power connections. 
Another solution that takes advantage of the propagation characteristics of the indoor 
environment is presented in [Kaz95], where the base station communicates with the 
Relay Stations on one frequency (60GHz) and another frequency (18GHz) is used to 
communicate from the Relay Stations to the mobiles. The advantage of this system 
is that the 60GHz frequency signal is well contained within the walls of the building. 
The need to employ two frequencies may be avoided when high bandwidth is available. 
The same frequency may be used for both communication with mobiles and the Base 
Station Controller.
An implementation that takes full advantage of the distributed architecture, is one 
which employs a passive picocell station, as in figure 7.11(b). The low power required 
in a distributed indoor environment, allows the use of optically fed transceivers that 
are directly connected to the antenna. Reference [Wak97] has shown that the system 
can work at high bit rates. The advantage of this system is that each module can be 
inexpensive, allowing easy upgrade of the network.
The use of optical fibres allows the implementation of the optimum combiner with 
optical techniques. Reference [Ji997] shows an application of photonics technology to 
microwave phased array antennas. In this paper an optical signal processing array an-
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Figure 7.11: Intelligent Picocell network methods
tenna is used for both multibeam transmission and reception by using ’’parallel optical 
processing and optical heterodyne techniques” . The advantages of employing opti­
cal techniques in an antenna array system is the extremely wide bandwidth available
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and immunity from electromagnetic interference. Figure 7.11(c) shows the effect of 
the technology when implemented in an Intelligent Picocell. The computation of the 
beamformer, which is expected to take a lot of computational power, could be generated 
optically and therefore could be much faster.
Table 7.3 shows the costs involved with the base station transceiver of the Intelligent 
Picocell, it includes the RF hardware, digital hardware and cost of the interconnect:
Category Function GSM
cost
IP
cost
Notes
Antennas 5 0.02 per 
antenna
Use of tri-polarised 
antennas
TX/RX
switch
1 1 One switch per 
antenna
ADC/DAC IF sampling 2 2.4 per 
antenna
20% increase due 
to increased 
sampling speed
RF hardware Rx: RF amplifiers 
and RF filters,
Tx: RF amplifiers 
and synthesisers
18 0.4 per 
antenna
Price increases with 
number of antennas
Digital
hardware
Interleaving, 
channel estimation, 
channel coding, 
RAKE, encryption
6 60+3 
per user
10 times the DSP 
complexity of GSM 
and extra computing 
power per user
Control
hardware
1 1
Power PSU 1 1
Total cost of 
subsystem
34 62+3 per 
user+3 per 
antenna
Table 7.3: Breakdown costs for transceiver of the Intelligent Picocell in GSM units
The cost of the Intelligent Picocell depends on the number of modules employed to
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Interconnects Function Costs
Coaxial cable 
network
Cable installation and mechanical 
support
21.67
Labour costs 21.6
Equipment (splitters, connectors, etc. 2.99 per antenna
Fibre network Cable installation and mechanical 
support
10
Labour costs 6.9
Equipment (splitters, connectors, etc 74.36 per antenna
Table 7.4: Breakdown costs for interconnects for 100 metre network coverage
cover the building and it is proportional to the number of users to be supported by 
the system and the distance to be covered by the network. The estimated cost of the 
Intelligent Picocell system using a coaxial cable network (Costccn) and a fibre network 
(Costfn) are:
Costccn ~  63 +  5.8Na +  3Nu -f- 43.21?
Costfn ~  63 +  77.11V0 +  3NU T 16.91?
where Na is the number of antennas, Nu is the number of users and D is the distance 
to be covered in 100 metre units. It can be noticed that the costs of a fibre network 
is twice as expensive than a coaxial network, but advantages on bandwidth achieved 
with fibre makes the technology a viable solution.
7.6 Conclusions
The Intelligent Picocell is a novel architecture that has been proposed for coverage of 
rooms, whole floors and buildings. The main advantage of the Intelligent Picocell is 
that capacity and coverage can be increased in a scalable fashion by adding Intelligent 
Picocell Modules where needed. The system is adaptive and makes the best use of the 
resources available, which avoids expensive frequency planning. Through simulation it 
was demonstrate that the mobile transmitted power for an Intelligent Picocell is lower 
than the power required in a distributed antennas system. It was also shown that 
the capacity of the system depends on the number of IP modules distributed in the
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building. It is concluded that the total number of users per channel in an Intelligent 
Picocell with a CDMA architecture is proportional to the number of users with the 
same spreading code that can be supported with SDMA and the number of users that 
can be supported in a conventional CDMA system.
A cost analysis shows that the cost of the Intelligent Picocell rises linearly with the 
desired number of users, which makes its use ideal for indoor coverage and PBX systems. 
Due to the fact that all the modules of an Intelligent Picocell are connected to a 
centralised base station controller the concept of cell is not related to a geographical 
fixed area of coverage, instead cells are create around the user as it moves within the 
building.
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Chapter 8
Conclusions and further work
8.1 Conclusions
This dissertation has focused on investigating the in-building propagation environment. 
Parameters and models obtained from analysing measurements were subsequently used 
for simulating a novel picocell architecture which combines various aspects of antenna 
technology and distributed systems, as well as other well known technologies such as 
diversity and dynamic channel allocation.
The analysis of two measurement campaigns supplied the parameters and models for 
the indoor environment. The campaigns were made for the Mobile-VCE project and the 
U.K. Radiocommunication Agency. The two narrowband measurements were carried 
out at different frequencies in the microwave spectrum and in different environments. 
The measurements were carried out in different locations including urban and suburban 
environments and in buildings of different construction type.
The approach used for analysing and subsequently modelling the indoor environment 
was a physical-statistical one. This type of model replicates the most important char­
acteristics of a building, such as walls and floors, and employs statistical techniques for 
modelling the fading of the signal.
From the measurements it was possible to study the effects of the indoor environment 
on radio propagation. The following effects were analysed and modelled:
• shadowing is treated as a random variable; statistical analysis is used to calculate 
the location variability and correlation distance.
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• slow fading effects in line of sight situations; the effects of corridors and other 
waveguide like structure are described and a simple model is proposed.
• short term fading in the indoor environment is analysed using the Rice and 
Rayleigh distributions. The effects of antenna patterns on multipath are also 
discussed.
• cross-polarisation effects are analysed. The two parameters of interest are the 
cross-polarisation discrimination and the polarisation cross-correlation coefficient, 
which have effects 011 the diversity gain obtained when cross polarised anten­
nas are used in the indoor environment. A deterministic model for the cross­
correlation coefficient is proposed and tested against the measurements.
Mean path loss correlation (correlated shadowing) was identified as being an important 
propagation phenomenon. The structure of the environment correlates the shadowing 
between base stations and mobiles. Thus, two types of correlation are considered, one 
affecting a moving mobile, the other affecting the co-channel interference between a 
wanted signal and other interferers. In order to generate shadowing profiles for use 
within a simulator, the following models are proposed:
• A one and two dimensional correlator filter is analysed and an approximation to 
the two dimensional filter is presented.
• As a result of the analysis of three measurement campaigns, correlation models 
for the indoor, indoor to outdoor and macrocell environments are proposed.
• A shadowing generator model is presented, it combines the auto- and cross­
correlation models in order to generate synthetic shadowing profiles.
These models were used to analyse the effects of shadowing on statistics for the avail­
ability of a macrocellular system and for macroscopic diversity on an in-building envi­
ronment.
A number of technology such as distributed antennas, adaptive antennas, diversity 
and dynamic channel allocation were proposed to be employed in a new architecture 
named the Intelligent Picocell. The aims of the new architecture is to create a flex­
ible and easily upgradeable system, which allows mobiles to share resources in the
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in-building environment. The architecture of the air interface of the Intelligent Picocell 
was proposed to be similar to the UTRA-TDD mode of the UMTS specifications. Two 
algorithms were presented, one for the dynamic channel assignment and allocation, 
designed to work within distributed systems, and the other being a narrowband opti­
mum combiner, designed to increase computational efficiency of interference reduction 
in wideband adaptive antenna systems.
The Intelligent Picocell architecture was simulated using the propagation parameters 
measured for a real environment. Through simulation, it was demonstrated that the 
mobile transmitted power for an Intelligent Picocell is lower than the power required 
in a distributed antennas system. It was also shown that the capacity of the system 
depends on the number of IP-modules distributed in the building. It is concluded that 
the total number of users per channel in an Intelligent Picocell, for a CDMA system, is 
proportional to the number of users with the same spreading code that can be supported 
with SDMA and the number of users that can be supported in a conventional CDMA 
system.
8.2 Further work
This thesis provides a contribution on radio propagation modelling and proposes a 
novel picocell architecture. Further work which could extend this research includes the 
following proposals:
• While significant efforts have been made to consider a wide range of in-building 
environments with dissimilar architecture and structure, they still represent a 
small subset of the many environments in which a picocell could be used. It 
would be interesting and useful to consider a wider range of buildings to in­
vestigate the consistency of the models proposed, thus creating a database of 
statistical parameters which can be used to generalise a greater number of indoor 
environments.
• The analysis of the indoor correlated shadowing model has shown that the cross­
correlation between two base stations mainly depends on the angle of arrival. 
Although the distance between base stations was found to have a relatively small
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effect on the correlation, it is suggested that this effect could be further investi­
gated by taking more measurements spread evenly over the floor.
• The proposed cross-polarisation correlation model was found to be working only 
in specific environments; analysis of a greater number of measurements should be 
carried out in order to generalise the model.
• The physical statistical model has been shown to accurately simulate the propa­
gation characteristics of the indoor environment. As the model is computationally 
efficient, it could also be used to optimise the position of the base station within 
a distributed system.
• Simulation of the Intelligent Picocell has shown the advantages which can be 
obtained when optimum combining is employed. It is also possible to achieve 
substantial advantages when other combining techniques are used, such as se­
lection or switched combining. These combining techniques would require less 
computation than optimum combining. However, investigation would be needed 
to verify the performance achieved.
• The weights calculation employed in the optimum combiner of the Intelligent 
Picocell uses a direct inversion of the correlation matrix which includes the signal 
from all the IP-modules, however this requires considerable computational time.
An extension of the project may be to look into linear’ algebra techniques for 
calculating the combining weights using only the stronger signals from the IP- 
modules and than verify the effect on interference.
• In order to simulate the Intelligent Picocell, a bandwidth equal to the WCDMA/UMTS 
specification; this is a relatively small bandwidth ( 5MHz) and the indoor propa­
gation channel can be treated as a narrowband channel. Future picocell systems
are likely to require and utilise much greater bandwidth, which will have a greater 
effects on the characteristics of the propagation channel such as inter-symbol in­
terference. An appropriate wideband channel model is therefore required in order 
to test the Intelligent Picocell architecture
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